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MATERTAL BEHAVIOR INVESTIGATIONS OF THE VK-50 REACTOR
FUEL ELEMENT ASSEMBLIES

V. A. Tsykanov, V. K. Shamardin, UDC 621,039.548.3
A. B. Andreeva, G. P. Kobylyanskii, ' :

G. I. Maershina, Yu. D. Goncharenko,

R. E. Fedyakin, and V. P. Sadulin

. In proportion with the increased duration of operation of fuel elements, the probability
of their failure due to the radiation environment and corrosion damage of the cans from the
coolant side also increases [1]. A study of these phenomena on fuel element cans of the alloy
Zr + 1% Nb, most widely used in power reactors, is of great interest. In the present paper,
"the results of material behavior investigations of fuel element cans and the sheaths of fuel
element assemblies (FEA) of the VK-50 reactor after 6 (FEA 1) and 8 (FEA 2) years of operation
are considered. Each FEA contains 162 fuel elements and 6 breeder elements, the claddings of
which are made from tubes with a diameter of 9.15 X 0.65 mm (alloy Zr + 17 Nb), annealed at
580°C during 3 h. The hexagonal sheaths are made of Zr + 2.5% Nb alloy. The fuel consists
of pellets of 3%-enriched uranium dioxide. The length of the active section of a fuel element
is 1980 mm. The coolant flow rate (boiling water) at the fuel element assembly inlet is (0.9 %
0.1) m/sec, the pressure is 6.9 MPa, and the temperature at the core outlet is 287°C.

The distribution of the density and bulk steam content of the coolant over the height of
the core (Fig. 1) is obtained on the basis of measurement of the power distribution and the
thermohydraulic characteristics of the reactor. During 5.2 yrs of operation of the fuel ele-
ments, the water-chemical cycle of the VK-50 reactor was neutral uncorrected, then a neutral-
oxygen cycle was introduced [2], after which. the water-chemical indexes of the coolant were

. improved markedly. (Table 1). The oxygen content in the coolant in the upper part of the core

is higher by approximately a factor of 100 than at the FEA inlet.

FEA 1 and 2, loaded simultaneously, were operated with variable reactor power (Fig. 2).
In this case, the average thermal flux density for an average reactor power value for all the
time of the investigations amounted to 240 kW/m®, and the maximum thermal flux density for a
reactor power of 200 MW attained 680 kW/m*. 1In all, for different reasons, 50 shutdowns oc-
curred during this time, including those due to operation of the scram system approximately

4 times per year; the time of power decrease in this case amounted to 50 sec. Cooling and

heating up with planned shutdowns were effected with a rate of 15°C/h. The coolant tempera-
ture in the case of prolonged shutdowns was 50°C and in the case of short-time shutdowns it
was ~100°C. Both FEA in the initial period of time functioned in the peripheral and then in

 the central regions of the core, and FEA 1 was located at the center ~13% and FEA 2 ~43% of

the total duration of their operation.

The fast neutron (E > 0.8 MeV) fluence distribution over the height of the fuel elements
is obtained by a numerical method [3], taking into account the distribution of the fuel burn-
up and the steam content of the coolant (see Fig. 1). Cooling of FEA 1 and 2 in the cooling
‘pond took place over 2.5 yrs and 5 months, respectively. Fuel elements of the outer row were
withdrawn for the investigations of the assemblies.

The absence of damage was established by external examination of the fuel elements of
FEA 1 and 2. The deposits on the surface of the fuel elements of FEA 1 are compact but those
of FEA 2 are loose, flaky, and easily peeled off (Fig. 3). During separation and transporta-
tion the deposits flaked off, and underneath were revealed white sections covered with zirco—
niumoxide. The most intense deposition peeled off at the section between ~650 mm from the
bottom and ~750 mm from the top (FEA 1), but for FEA 2 it was between 100-150 mm from the bot-~
tom and 400-450 mm from the top of the fuel elements. The thickness of the deposits was de-
termined by measuring the diameters of the fuel elements with a micrometer with an error of
10 pym before and after chemical dissolution of the deposits. The results of these measurements

Trénslated from Atomnaya ﬁnergiya, Vol. 56, No. 3, pp. 131-134, March,.1984. Original
article submitted June 3, 1983,
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TABLE 1. Water-Chemical Indexes of the
_Coolant of the VK-50 Reactor
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Fig. 1. Variation of the bulk steam content of coolant (3), the
fast neutron (E > 0.8 MeV) fluence (1, 2) and the fuel burnup (4,
5) in the fuel elements of FEA 1 and 2 respectively over the height
of the VK-50 reactor core. ’
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Fig. 2. Graph of the power variation of
the VK-50 reactor in the operating period
‘of FEA 1 and 2.

for sections with unpeeled deposits are presented in Table 2. The thickness of the deposits

above on more energy-stressed sections of the fuel elements also increases with increase of
the residence time of the fuel elements in the reactor.’

Radiographic analysis of the deposits was conducted on the DARD remote-controlled dife
fractometer using the characteristic CuKy-emission. It was established that the deposits
consist mainly of oxides of iron (Fe.0s) and copper (Cu0) . The presence was detected also of
manganese oxides (Mn30,). The oxide film is zirconium dioxide with monoclinic modification,

134
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. Fig. 3. External view of the fuel
elements of FEA 1 (a) and 2 (b).

TABLE 2. Thickness of Deposits on Differ- o o
ent Sectlons of Fuel Elements, um :

Distance from bottom- EE
of active zone, mm FEé‘l . FEA 2
100 K ' 10 20
600 : 50—60 - 75—100
1600 25 50
'2000 10 _ 15

Fig. 4, Mécrostfucture of transverse thin sections of foel
elements of FEA 1 (a) and 2 (b) in the upper part of the ac—
tive zone — 1920 mm from the bottom of the active zone (x9).

The differences.in the values of the diameter of the fuel elements in -the original state
-and after residence in the reactor are small and are due mainly to oxidation:of the external
‘surface of the fuel element cans. The internal and external surfaces of the sheath tubes of
‘both FEA were covered with a nonuniform thickness of oxide film, somewhat more for FEA 2, the
maximum thickness of which amounts to 200 pm at the fins. The fofmation‘of the thickest ox-~
ide films on these sections obviously is caused ‘by the presence of residual stresses, stimu-
lating corrosion [4].

"135
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Fig. 5. Kinetics of the variation of the max-
imum thickness of the oxide films 7 on fuel

elements of the VK-50 reactor.

Fig. 6. Microstructure of transverse thin sections of the
cans of fuel element assenblies 1 (a) and 2 (b) in the upper
part of the core (1920 mm from the bottom of the core).

No appreciable deformation of the cladding, impairment of its intactness and squeezing
of the fuel was observed during metallographic examinations of FEA 1 and 2. A strong pitting
of the outer surface of the claddings was observed in the cladding material in the zome of the
fuel column and had a focal nature (Fig. 4). The foci, together with the continuous oxide
film, are distributed over the whole of the outer surface of the cans, and corrosion damage
of the FEA 2 cans is ‘expressed to a large degree. It should be noted that for both FEA the
intensity of oxidation of the outer surface varies as a function of the height of the fuel
elements. On sections distant from.the active zone by 1500-1800 mm, an increased amount of
foci with a length of less than 800 um is observed, having moreover maximum depth. It should
be noted that in the zone of compensating volume, where there is almost no energy release dur-
ing operation of the fuel elements, the .corrosion of the outer surface of the claddings has a
uniform nature and proceeds with the formation of thin (~10 ym) oxide films. On the power-

possible, which can lead to increased corrosion. Using the published data [5], a curve was
constructed of the maximum thickness of the oxide films on the fuel element claddings vs their
residence time (Fig. 5). The nature and intensity of the corrosion vary.in proportion to the
increase of operating time. In the initial stage, a predominantly continuous corrosion is |
observed, accompanied by the formation of oxide films with a thickness of up to 50 um; in the -
next stage, an acceleration of the corrosion foci develops, after which a stage of gradual in-
crease of thickness of the foci starts with approximately .the same speed as for the continuous

‘corrosion. A marked difference in the state of the outer surface of the fuel element claddings

is detected in the region of the spacer grids. of stainless steel and far from them. Thus, for
FEA 2, the thickness of the layered oxide films below the spacer grids attained ~500 ym, and
between them -~250 um.

. The orientation of hydrides over the perimeter of the claddings is predominantly annular,
and only on sections adjacent to points of local oxidation are radially oriented hydrides ob-
served (Fig. 6). The hydrogen content in' the fuel element claddings was estimated by the

136
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<+ liausicut riecuduical rroperties
of the Material of the FEA Fuel Element
Claddings

Trest =20°C Trest =300°C
<
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s |8 | e S la |
of ele- |neutrony SIE1 118155
ofment  |em? N Y I el I BT I
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o |Middle | 8,5-10% | 465435 15,7] 5,9| 200 | 240 [14,0]5.2

Bottom 3-10% | 515|450 |16,7) 4,2 | 360 | 31017 8,17[3,7
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208400 50 {50 750

ann:
Fig. 7. Dependence of the yield point of annular samples sec~
tioned from the middle (@ and lower (O) parts of the fuel

element claddings of FEA 1 on the temperature of isochronic
annealing.

method of spectral-isotopic balancing [6]. The content of hydrogen in the fuel element clad~
dings of FEA 1 (A) and 2 (B) in different sections of the fuel element is shown below, 10~2
mass 7%:

A B
Top 1.3 2.4
Middle 5.0 7.3
Bottom 4.1 4.3

The amount of hydrogen in the fuel element claddings with larger burnup  (FEA 2) is some-
what higher than for the fuel elements of FEA 1. The fuel element claddings in the middle
section of the active zone were subjected to the maximum hydrogenation, and those in the up-
per section to the minimum hydrogenation. »

The average values of the mechanical properties in the case of short-time tensile strength
tests of 5-6 annular samples cut off from different sections of FEA fuel element claddings are

shown in Table 3. The spread of the values attained 10%. No significant difference is ob- -
served in the mechanical properties of the fuel element cladding material of the FEAinvestigat-

ed in identical sections over the height of the active zone, which may be due to their weak
_dependence on the fluence in excess of 5¢10°° neutrons/cm? [7].

For the middle section of the fuel element claddings of both FEA, a reduction of onp and
Oo.z is found, by comparison with those observed for the upper and lower sections. The reas-
on for this may be an increase of temperature of the fuel element claddings on sections with
high thermal loadings (middle part of the fuel elements) when operating the reactor at maximum
power (see Fig. 2), as a result of which annealing of the radiation defects takes place [8].

- Obviously, this is the consequence of the formation on these sections of thick deposits and
.-an oxide film, which considerably impair the heat transfer. The results of the experiment, in

the course of which isochronic (2 h) annealings of annular ‘samples from the fuel elements of
FEA 1 (Fig. 7) were carried out, showed that the yield point of samples sectioned from the
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middle part of the fuel elements is reduced appreciably with an annealing temperature in ex-
cess of 450°C, and from the lower section from 400°C. These data confirm the supposition
made. The results of post-reactor investigations of the fuel elements after operation during
6 and 8 years in the VK-50 reactor confirmed the quite high efficiency of the alloy Zr + 1% Nb.
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DETERMINING THE FRICTIONAL CHARACTERISTICS OF REACTOR MATERIALS

V. M, Shchavelin, A. V. Kostochka, " UDC 621.039.548:621.891
A. M. Bolobolichev, A. A. Kuznetsov,
I. S. Golovnin, and Yu. K. Bibilashvili

Study of the frictional characteristics of reactor materials is associated with the solu-
tion of the problem of mechanical interaction of the fuel and the shell in the fuel elements
of water—water power reactors. In particular, these characteristics are necessary for the
evaluation of the stress—strain state of fuel-element shells in transient conditions of reac- -
tor use [1]. '

Data on the frictional coefficients between the fuel and the shell are very scarce and w
pertain to nonreactor conditions .[2]. Therefore, the development of methods and means for
studying the friction directly in in-reactor conditions remains a pressing need.

In the present work, a method and apparatus for investigating the frictional character-
istics of the fuel—shell frictional pair in laboratory conditions are described, and results
of determining the frictional coefficients between uranium dioxide and zirconium alloy as a i
function of slip path, temperature, contact pressure, surrounding medium (air and helium),
and hardness of the metallic sample are given. These developments are the preliminary stage
in creating an analogous apparatus for in-reactor investigations. |

Method and Samples. The conditions of frictional contact correspond to slip over a plane..
The motionless fuel samples are attached at their ends to a plane mobile metallic sample, which
lies between them and performs reciprocating translational motionm. The chosen scheme is more
suitable for in-reactor measurements in conditions where the space inside the experimental
channel is extremely- limited, offers the possibility of dispensing with supporting bearings in
the active zone, and imposes no constraints .on the choice of moving sample, which must simply
have longitudional rigidity. Provision is made for determining the coefficients of static
and dynamic friction and also, where necessary, the degree of wear of the samples and the
state of their working surface by means of weighing and profile recording. In the experiments,
the dependence of the frictional coefficients on the slip path was determined, the rate of
slip remaining constant. In addition, the influence of the contact pressure, temperature,
and medium on the frictional characteristics of the pairs investigated was studied.

The fuel-material samples used were uranium-dioxide pellets with a roughness of the end
working surface in the range R, = 0.9-1.8 um. The pellets were preliminarily checked for the

Translated from Atomnaya fnergiya, Vol. 56, No. 3, pp. 134-136, March, 1984. Original
article submitted ‘April 22, 1983, )
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Fig. 1. TREK-1l apparatus for nonreactor investigations.

Frictional coefficient
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Frictional path, m

Fig. 2. Dependence of the frictional coefficient of the uranium-
dioxide—zirconium-alloy pair on the slip path in a helium medium
‘at 293 (open circles) and 573°K (filled circles) for zirconium-
alloy samples with a chemically treated surface (a) and with an
oxide film (b). '

absence of visible cracks, chips, and. internal defects [3]. Plane samples of the alloy Zr +

. 1% Nb were used, in the form of plates of dimensions 80 x 12 mm and thickness 2 mm. Such a

thickness completely ensures the required longitudinal rigidity, allowing not only pulling

but also pushing of the bracket-fixed samples with change in the direction of motion in the
course of the experiment. : '

The metallic samples chosen for the experiment had a Vickers hardmess HV. = 1300-2300 MPa

" and a working-surface roughness of 0.2-0.3 pm.
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Fig. 3. Dependence of the frictional coefficient of the ura-
nium-dioxide—zirconium—alloy pair for zirconium samples (with a
chemically treated surface) at a contact pressure of 5 MPa on
the Vickers hardness: 1300 (open circles), 1500 (filled cir-
cles), 1700 (triangles), and 2300 MPa (squares).

TREK-1 Apparatus for Nonreactor Experiments, The apparatus is shown in Fig. 1. On the
baseplate .14 of vacuum chamber 1, a Toading system with adjusting screws 2 is placed; this
system ensures, with the assistance of the bellows 7, the application of the required compres~
sive force to the cylindrical fuel samples 3. The plane mobile metallic -sample 4 is fixed to
coupling rod 8, which is introduced into the chamber through bellows 9 and impelled into re-
ciprocal translational motion by a motor located outside the chamber. The region of fric-
tional contact of the sample is surrounded by heater 5. The temperature of the metallic sam-
ple is measured by thermacouple 6, placed in a drilled chamber running from the side surface
of the sample to the center of the working zone. Thermocouples are also applied to each fuel
sample (through the central cavity). Outlet 15 is used to pump out the chamber and fill it
with helium to atmospheric pressure.

The frictional force between the samples is measured using tensometric ring 10, inserted
in connecting rod 8. The drive system. includes the reversing electric motor 16, the belt
transmission 17, the helical pair 13, and the supporting guide 11 of coupling rod 12 fitted \

1
!

with roller bearings. The supports provided with shock absorbers and the use of a belt trans-~
mission allows the influence of electric-motor vibrations om the frictional-pair sample to be
eliminated. :

The course and velocity of the moving sample may be varied in the limits from 8 to 50
mm and from 200 to 2000 um/sec, respectively. The bellows mechanism permits loading by a
force of up to 1300 N. '

Experimental Results. The characteristics of the frictional interaction are influenced
by the temperature, contact pressure, gaseous medium, slip path, and hardmess of the samples,

The influence of high temperature was determined for two metallic samples: with a chem~
ically treated working surface and with an oxide-film coating. Experiments were conducted at
293 and 573°K in a helium medium. The variation in the frictional coefficient for a uranium-
dioxide—=zirconium-alloy pair is shown in Fig. 2. In both cases, the contact pressure was 5
MPa and the slip velocity 200 um/sec, It is evident that the relative stabilization of the
frictional coefficient occurs on a slip path of 0.5-1 m. At high temperature, the spread of
the results usually increases, but for samples with an oxide film the frictional coefficient
is markedly less than for chemically treated samples. :

Inspection of the zirconium samples after the experiments reveals scratching and gouge
tracks, as well as adhering uranium-dioxide particles; the roughness of the working surface
increases sharply. At 573°K, the slip path is 0.6 m and the mean wear depth of the zirconium

_samples, determined by profile recording, is ~15 ym. The wear of the uranium~dioxide pellets
is slight.

_ To determine the influence of a helium medium on the frictional coefficient at 293°K, :
with a contact pressure of 5 or 10 MPa, experiments were performed first in air and then in
helium and, conversely, first in helium and then in air. The chamber was filled with high-
purity helium, without special purification from water vapor and oxygen. From the obtained
data it follows that the variation of the gas medium has no effect on the frictional
coefficient.
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It 1s of undoubted interest to study the dependence of the frictional coefficient.of the
pair on the hardness of the metallic sample. Experimental results obtained at 573°K in a helium
medium for four batches of zirconium samples with different Vickers hardness are shown in Fig.
3. Deviation of ‘the hardness within each batch was no more than 3%. Each point represents
the mean value of the frictional coefficient over the results of ten measurements. The given
data indicate that the initial hardness of the zirconium samples has a marked influence on
the frictional coefficient of the fuel—shell pair.

The method developed here and the apparatus which has been constructed provide the basis
for the development of apparatus for the in-reactor investigation of friction in fuel—shell-
material pairs.
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MODELING THE GASEOUS SWELLING OF FUEL ELEMENTS

Yu. G. Degal'tsev, V. F. Kuznetsov, r UDC 621.039.548.343
and N. N. Ponomarev-Stepnoi ' .

Ensuring the reliable operation of power-reactor fuel elements entails studying diverse
and complex problems; important among these is the gaseous swelling of fuel materials, which
has considerable influence on the efficiency of the fuel elements.

Radiational gas swelling of the fuel depends on manyfactors: the rate and depth of burn-
up, the temperature distribution, the structure of the fuel core, the shell strength, etc.,
which means that theoretical models must be used in the calculations. Accurate calculation
of gaseous swelling is practically impossible at present, because the model concepts adopted
are imperfect and even contradictory. . In addition, the models most commonly describe local
swelling of the fuel, which is unrelated to the stress—strain state of the fuel element as a
whole.

Therefore, the most natural means of developing engineering modeling is to .use approxi-
mate models with a small number of basic parameters to describe the physical processes making
a determining contribution to the swelling. The correctness of the model is confirmed by an-
alysis of the results of experimental investigations of the given fuel elements and compari-
son with data obtained by numerical modeling on a computer using the given model.

In accordance with the currently available theoretical concepts and.experimental data,
the processes of gas liberation and swelling of high-temperature oxide fuel are based on the
following mechanisms, in our .view.

1. The basic reason for swelling of the oxide film at high temperature is the formation
of large (diameter more than 1 um) intergrain bubbles with a low pressure of gaseous fission
products.

2. 1In the course of irradiation, delivery of gaseous fission products from the grain
body to the boundaries occurs by dlffu31on of gas atoms, the high concentration of which main-
tains the process of radiational resolution from small internal bubbles with a hlgh pressure.

3. The population of low-mobility intragrain bubbles is stabilized in the course of ir-
radiation, and makes practically no contribution to the gaseous swelling of the fuel [1].

4. Irradiation at high temperature changes the structure of the fuel, which influences
the gas migration and the character of the swelling: There is an increase in equiaxial grains;
" columnar grains are formed as a result of the motion of lenticular pores and directed recrys-
tallizatlon in the temperature gradient [2]; recondensation of the fuel occurs on the intern--

Translated from Atomnaya Energlya, Vol. 56, No. 3 pp. 137-138, March, 1984. Original
article submitted November 4, 1983. '
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Fig. 1. Model of the behavior of gaseous fission products in oxide fuel on irra- .
diation: 1) gas produced; 2, 3) gas inside and outside fuel matrix; 4, 5) gas

inside and outside grain; 6) gas outside fuel; 7,9, 8) gas in intergrain and intra- - ‘
grain bubbles and solid solution, respectively.

Fig. 2. Dependence of the mean bulk swelling S(B) of a U0, sample on the burnup B:
the curve corresponds to calculation and the point to experiment. _ »

al surface of the shell, as well as transformation of the pore and bubble system in the non-
“uniform temperature field on account of the accumulation of gaseous fission products (e.g.,
the formation of interconnected channels [3], the conversion of closed porosity into open por-
osity, etc.). E :

According to the model adopted, the behavior of the gaseous fission products (Xe and Kr)
is illustrated in Fig. 1. At each moment of time t, the gas formed is in a fuel matrix in
the form of a supersaturated solid solution in a uranium-dioxide lattice, 9.o1(t); in the
form of large (diameter more than 1 um) intergrain bubbles, ¢ (t); and in the form of small
intragrain bubbles, ®_(t). It is assumed.that the fraction of gas formed which is outside the
fuel matrix makes no Contribution to the swelling. In this case, the fraction of gas in the
intergrain bubbles may be determined: ' ’

@ (1) =Y6() — ¥ (1),

where wG(t) is the relative proportion of gas diffusing from.the grain to-its boundaries, and
is determined by the equivalent-sphere model [4], taking account of the temperature dependence
of the diffusion coefficient;'wF(t) is the relative leakage of gaseous fission products from
the fuel, which also depends on the temperature and is calculated on the basis of experimental
data [5]. ’

In describing the space—time deformationalbehavior of a fuel element in the case of swell-
ing fuel and restraining action of the shell, the model employs an equation obtained on the ba-
sis of [6], relating the hydrostatic stress in the fuelo,(t) resulting from the accumulation
of gaseous fission products in the intergrain bubbles to the swelling S(t): '

i
T : . :
o) = grrrsFaT | 2’*'71§, B () dtg ()-+2o

where T is the local fuel temperature, °K; Bg(t) is the rate of burnup, g Uecm™®eh™*; g, 1is
the initial porosity of the fuel (it is assumed that the pores are filled with a technologi- -
cal gas under normal conditions). The fuel element is regarded as a multilayer cylinder con-
sisting of rigidly interconnected layers with different (but constant within the limits of
each layer) properties, corresponding to the local parameters of the fuel element. This ap-
proach allows. the features of the spatial (over the core radius) energy distribution [7],
‘temperature [8], and structure in the fuel core to be taken into account.

To obtain specific results on the basis of the given model, the OVERAT program is writ-
ten in FORTRAN [9] for use on a BESM-6 computer. Results obtained with this program are given
below. The efficiency of the given model was verified on the basis of a comparison of the
calculated results with experimental data. Experimental investigations were conducted with
dense (>95% of the theoretical density) pellets of small-grain uranium dioxide in the shell,
on the universal loop apparatus of a water—water reactor of the type considered in [10]. The
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Fig., 3. Distribution of the local gas swelling S(p) (1) and
the relative energy distribution Q(p) (2) on the radius of a
cylindrical UO, sample: the curves correspond to calculation
and the points to experiment (r, sample radius).

experimental conditions were close to those in .[11] (T = 1750°C, burnup ~10%° fissions/cm?®),
the only difference being that the temperature gradient for the given samples was ~200°Ce
cm™ The theoretical curve and experimental value of the mean bulk swelling of U0, (initial
grain size 10 ym) after irradiation to ~0.1% burnup are shown in Fig. 2. The swelling was
determined by the method of hydrostatic weighing with an error of no more than 10%.

The spatial distribution of local gas swelling over the radius of the UO, pellets was
studied metallographically with analysis of the results on the Kvantimet-720 apparatus. Ex~

. perimental and theoretical radial distributions of the gaseous swelling of the fuel over the

cross section of a cylindrical sample irradiated to a burnup of ~3¢10'° f1551on/cm are shown
in Fig. 3 together with the relative energy distribution i71.

As follows from the given comparison, the space—time distribution of the gaseous swelling
of UO2 under irradiation obtained by calculation on the basis of the given method is in satis-
factory agreement, within the limits of experimental error (~10- 15/), with the results of
measurements, this is acceptable for practical purposes.
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NEUTRON CROSS SECTIONS FOR THE CALCULATION OF THE
DAMAGING DOSE IN REACTOR MATERIALS

V. I, Avramenko, Yu. V. Konobeev, ' UDC 621.039.53
and A. M. Strokova : ,

In comparing the results of irradiating reactor materials and various neutron spectra
with data obtained in the irradiation of materials by charged particles, the damaging dose
is taken to be characterized by the number of displacements per atom. Calculation of the
number of displacements per atom is based on the formula

D= (good-is(E)F(E) dE ) o, (1)
) _

where 0445(E) is the neutron cross section of displacement of the atoms of the material at a
neutron energy E; F(E) is the energy spectrum of the neutron flux normalized to unity; ¢ is
the flux of neutrons of all energies (E > 0). The cross section 04i5(E) is determined by the
sum of the cross sections of elastic and inelastic neutron scattering by nuclei of the mate-
rial, the cross sections of the nuclear reactions (n, 2n) and (n, a), etc., and also the form
of the cascade function. : :

According to recent recommendations [1], calculations of the damaging dose in terms of
the displacements per atom may be based om the US data system of ASTM [2] or the DAMSIG-81
data library [3]. 1In both libraries, the displacement cross.section is given in 640-group
representation: 620 groups in the energy scale of the SAND II program [4] and 20 additional
groups with uniform energy divisions in the range 18-20 MeV. The ASTM data system is based on
the ENDF/B IV library of neutron cross sections and the DAMSIG-81 library mainly on the ENDF/
B I1I library. The aim of the present work is to develop a system of group neutron displace-
ment cross sections that is as close as possible to the international standard, for the basic
energy scales used in reactor calculations in the USSR. ‘

i
\

Tables 1 and 2 show the system of constants developed. The mean (over the neutron group) |
displacement cross sections have been determined for Al, Si, Cr, Fe, Ni, Cu, Zr, Mo, W, C, V,
Nb, Ta, Pb, and also Khl8N8 stainless steel. For the first nine materials, the displacement
cross sections obtained in [5] provided the starting point; for graphite, the data of [6],
based on the cascade function of {7]. For the first ten chemical elements, the results of
[5, 6] were also used in the comparison with the DAMSIG-81 library. For V, Nb, Ta, and Pb,
multigroup constants were developed on the basis of the data.of [8], recommended by [9]. The
group cross sections for steel were obtained by a method described earlier on the basis of
the corresponding cross sections for Fe, Cr, and Ni. The effective threshold energy of dis-
placement in the cascade function .in the TRN model, as in the DAMSIG-81 library, was taken to
be 40 eV for all the materials considered, except graphite, for which it was 60 eV. In aver-
aging the cross sections within the. energy groups, the recommended procedure of averaglng by
means of a standard neutron cross sectlon is of the form

1/E : E<2.5:
exp (— E,/0.965)sh)/2.29E, E > 2.5,

o (5)={ )

where E is expressed in MeV. Variation in form of the fission spectrum and the binding energy
within finite limits (2.0-2.5 MeV) has no con31derable influence on the results of the calcu-
‘latlons. .

The number of displacements per atom at a specified pdint of the active zone of the re-
actor is defined as

D=(JoiF) @, 3

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 3, pp. 139-141, March, 1984. Original
article submitted June 29, 1983.
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TABLE 1. Group Dlsplacement Cross Section for 26-Group Division, 10-%® p

(=
o0
2| Neutron c | at ] si| v ic|vr|wm|w|z|m]w|m]|w]| |28
8. energy g'a-s
. 'S
& &1L
—1j 14,514,0 MeV}-649,4 1 1444 [ 4683 |2592 |2417 (1913 12055 |2541 .{3088 |2590 {2038 {2227 |2387 (2028 |2015
ol 14,0—10,5 619,414316 11353 | 2329 {2115 {1913 (4761 |2208 {2438 |2246 12461 [1892 |2024 |1847 11937
1| 10,5—6,5 . |620,4[4298 |1049 (1966 |1846 |1767 |1487 {1899 {1661 |1863 |1798 |1350 {4337 [1343 11759
2l 6,5—-4,0 702,014340 (1432 | 1750 (4577 14535 |1297 |4557 {1276 |1426 |4453 |997,0(973,3|1149 [1524
3 4,0—-2,5 810,311349 1998,0{1545 |4344 |[1323 1148 |1145 |976,5{1090 {1143 |761, 0 832,0/1034 1313
L4 2,5—1,4 6838,511104 |1100..) 1054 [1010 |911,3]924, (i3 812,7|811,8|817,5|836,3]| 570, 8 645,71 596,2 | 930,2
5 1,4—0,8 768,3|893,5|849,2| 744,11 640,81 474,9 665 21635,7|709,9)614,7|651,9 377,3 388,11300,8|519,9
. 6| 0,8—0,4 1772,11728.,9 578 ‘41 421,81385,4343,9 409,3 455,31619,9(513,3 433.1 234,2|262,31185,2]356,6
71 0,4—0,2 650,4 451,71 453,11 335, 8 191,1 207,3 323,61292,4 376,6 352,61353,01137,51168,21158,6213,7
g 0,2-0,1 453,31400,5 21_4,4 249, 0 226,1§143,41210,8 168,1- 205,31200,8 212,3 84,001 104,1104,9(163,7

) 10046, KeV 258,41180,1140,53| 156,398,714 |403,03154,0|130,9]110,1 |73, 30, 117,51 50,13 62, 68 62,621106,1
40| 46,5—214,5" °|139,0]|116,4|17,84192,11}38,58 119,4 91, 71 66,78 | 54,13 | 34,721 53,67 | 24,30 33,46 28,92102,6
11| 24,5-<10,0 70, i6 7,774110,05 234,2 19,77110,95 170 5143,77125,77 '16,70 23,8619, 596 17,58113,53 25,30
12| 10,0—4,65 32,9715,7821 6,232 164,7| 35,76 21,38 29,21' 30,80 113,36 18,920|10,942,743| 10,78 | 6,356 | 24,59
43 4,65—2,15 15,93;-.2,’728 3,223|76,45113,88(7,089|20,79|17,00]9,91413,3211 6,336 0,126 10,56
A4 2,15—1,0 5,70411,43911,634]2,534|2,802]5 977 8,643 18,296]2,818]0,332 | 4,939 10,930, 1356 5,635

=X
N
e
-]

-
.SD
N
Q
=3

15 1000485 eV |3,475{0,747| 0,811 0,398 0,954 | 1,818 | 2,276 | 7,969 |0,240{ 0"~ 11,937 — |11.93|0.003|1.699
16| 485—215 0 |0,3340,128| 0,006 [0,407}0,075| 0,195 | 11281 | 1;066| — |5.724] — |38'82{0"  |0.090
17| 215-100 - | — 10,44410,008/0"  }0,135/0,4090,2880,101|0,196| — |8.519| — {164,9] — |0.128
18| 100—46,5 — 0,08510,012] — 10,193|0,160(0,420|0,129}0.007| — |2.959| — |[26,96] — |[0.187
19| 46,5—21,5 — |0,085]0,018] — [0;288]0.237{0,619]0,245]0.010| — |38.21| — |530.3| — 0’277
20{ 21,5—10,0 — {0;0860,026] — 10,430/0,348[0,913]0,435|0,014] — [1,009] — |1835 | — |0408
21| 10,0—4,65 — lo3t]0030| — |0l616]0.509|1.330|0.67810.020| — |2.231| — |44,85| — |o's94
22| 4,65—2,15 — 0.188(0,057| — [0;908[0,749|1,058(1,052|07030] — [0)360[ — |[e3:88| — |o'874
23| 2,15—1,0 — 10,217{0,083| —_ 11.361}1,401|2,885|1.643|0,044, — [0.505| — |3,472| — 1291
24 1,0-0,465 | — |0.382[0.420| — [1,942]|1,604}4.209|2.375|0.064| — |ole37| — |3.700] — | =

1290,465—0,215 | — | — | — | — | = ["— |0 ) [T ] =
T/ - - |0,020]1,470|1,170[19,20| 18,30 10,70 | 23,50 [ 14,400,260 | 1,120 | 2,650 | 0,940 2,410 0,240 | 13,09

TABLE 2. . Group Displacement Cross Sections for the WIMS and DLC-23/CASK Energy Di-
visions :

WIMS DLC-23/CASK
Group cross section, 10-%% T CIOSS SEC. Kl}?l-;;gz
No. neutron energy Fe 7 c stainless neutron energv Fe |stainless
stee] steel
1 10,0—6,066 MeV 1755 1588 615,2 1742 15,0—12,2 MeV 1913 1980
2 6,066—3,679 1519 - 1230 41,3 1502 12,2—10,0 1913 1923
3 3,769—2,231 1256 928,6 | 770,7 1256 10,0—8,18 1877 1863
4 2,231—14,353 843,1 795,7 694,8 864,0 8,18—6,36 - 1732 1728
5 1,353—0,821 452,4 707,3 TM,1 502,3 6,36—4,96 1633 1612
6 0,821—0,500 357,0 648,6 786 8 374,6 4,96—4,06 1459 1458
7 0,500--0,3025 296,5 496,1 719, 9 297,9 4,06—3,01 1442 1413
8 0,3025—0,183 190 9 321,9 607,7 194,4 3,01—2,46 1180 1198
-9 0 183—0 111 127,5 206,5 455,41 154,3 2,46—2,35 1147 1154
10 11— b7 34 keV 131,6 133,9 313,0 135,4 2,35—1,83 1024 1055
i1 67,34—40,85 65,57 85, 2 208,2 72,13 1,83—1,11 663. 4 691,4
12 40,85——24,78 165,9 53,45 135,7 136,5 1,11—0,5 384,4 414,0
13 24,78—15,03 | 7.194 32,99 87, 86 23,96 0 5—0,111 209,2 220,4
14 15,03—9,118 13,74 20,26 54,59 22,79 11— 3, 135 keV 59, 97 61,94
15 9,118—5,53 27,12 12,98 33,48 28,88 3,350,583 5,235 5,132
16 5,53—3,519 8,349 12,014 19,77 13,83 583—101 eV 0,001 0,111
17 3,519-2,239 6,449 9,445 13,87 7,505 101—29,0 0,182 0,212
18 2,239—1,425 5,522 3,720 7,262 5,506 29,0—10,7 0,318 0,373
19 1,425—0,907 6,178 1,545 4,586 5,505 10,7—3,06 0,560 0,654
20 907,5—367,3 eV 1 O’M 0, 168 2,100 0,994
.21 367,3--148,7 0 087 1,000 0 0,102

- where o, and F, are the neutron cross section of displacement and the normalized energy spec-
trum of the neutrons for the i-th group, respectively.

 For alloys, the group displacement cross section may be found from the expression

o, —? afp, (4)
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TABLE 3. Number of D1Splacements per Atom
(DPA) Produced by a Flux of 10*? neutron/cm?
in Kh18N8 Stainless Steel for Reactors of
Various Types

DPA * |Source of
R dataonneu-
eactor E> E> -
E>0|s¢ S0k tron spec

1 0 .
eV MeVv__ltrum

BOR-80 (CAZ*) | 4.84| 5,43 | 8,14 [11]
BN-600 (ZHET) | 3,03 | 4,50 | 8,96 [11]
BN-1600 (ZHE) | 2,45 | 4,30 | 9,90 11}
EBRII(CSZ) . | 4,81 | 5,45 | 8,19 [11]
ETR - 7,01 9,36 {12]
GTR — 7,64 9,51 (12]
VVER-440 — 6,50 9,66% 1 [12]
MR — |5,656—7,1]8,45—9,0| Present work
— | 5,0~7,1| 8,3—8,5| Present work

RBMK

Inner wall of

6,63 9,45 3]
VVER body :

*CAZ, center of active zone.
+LHE, zone .of high enrichment.
*E > 0.5 MeV.

where G(J) and p(J) are the group displacement cross section and atomic fraction of the j-th
chem1cal element in the alloy. It is supposed that, at the current level of knowledge of the
cascade function, it is sufficient to take account solely of the basic components of the al-
loy. Thus, for stainless steel and other alloys of the system Fe—Cr—Ni, only the three prin-
cipal components need be taken into account. The neutron cross sections shown in Tables 1
and 2 for Kh18N8 steel are obtained in this approximation. It is assumed here that the atom- |
ic fractions of Fe, Cr, and Ni do not differ from their mass content (for steel Khl18N8, wval-
ues of 0.74, 0.18, and 0.08, respectively, are taken). For 15Kh2MFA steel, from which the
body of water—water reactors is made, it is sufficient to use the displacement cross sections
for Fe, since the content of alloying components is small (note that this is as in the US
standard [2]); for zirconium alloys, the constructional material of the active zones of therm-

al-neutron reactors, it is sufficient to use the displacement cross section of pure Zr. 1

Tables 1 and 2 give the multigroup constants of the displacement cross sections of mate-
rials for the 26-group representation, for the energy scale of the WIMS program, and for the '
energy divisions of the DLC-23/CASK program used in the calculation programs (ANISN, DOT) for
neutron fluxes in the body and indicator samples of water—water reactors. Table 1 also gives
the neutron displacement cross sections for thermal neutrons [10]. Note that, in reactor !
spectra, as a rule, ~98% of the total number of displacements per atom are the result of neu-
trons of energy >0.01 MeV. The contribution of thermal neutrons to the formation of displace-
ments need only be taken into account in those cases where the flux intensity of thermal neu-
trons exceeds the intensity of the fast-neutron flux by a factor of ten or more. Comparison
of the number of displacements per atom obtained from Eq. (3) with the result given by Eq.
(1), on the basis of initial data on the displacement .cross sections, shows that, for the
neutron spectra in the active zone of fast, water—water, graphite, heavy-water and certain
other reactors, the discrepancy in the results is no more than 1%Z.

Table 3 compares the damaglng dose produced by a flux of lO22 neutron/cm® in various
reactors. It follows from these data that the damaging power of neutrons in various reactors
(and at various points within the active zones of several reactors) is different. In connec-
tion with this, the use of the neutron cross sections in Tables 1 and 2 is recommended. The

-damaging doses, expressed in numbers of displacements per atom, for Khl8N8 stainless steel
according to the data of Tables 1 and 2 are approximately 10% less than those calculated on
the basis of the damage cross sections recommended in [14].
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IN SITU EXAMINATION OF RADIATIONTINDUCED INTERNAL -STRESS RELAXATION
IN. THE COLUMN OF A HIGH-VOLTAGE ELECTRON MICROSCOPE

I. I. Novikov, V. A. Ermishkin, . UDC 621.039.531
V. G. Zharkov, E. N. Samoilov, o '
I. S. Lupakov, and B. S. Rodchenkov

Internal stresses produced mechanically or thermally in metals have substantial effects
on physical processes, in particular on recovery during annealing [1], fast-electron scatter-=
ing [2], radiation growth [3], and so on. ‘ : '

Size change occurs in a deformed body oh annealing on account of thermally activated
‘motion of lattice defects produced by internal stresses. The deformation rate for a crystal
is determined by the activation energy (if a single mechanism applies) and is exponentially .
dependent on temperature. It is also proportional to the bulk density of the defects whose
-motion produces the deformation. Therefore, by varying the defect density (for example, by
irradiation) one can alter the components of the deformation rate due to the motion of these
defects, in particular point ones.

- This made it of interest to examine the internal-stress relaxation under irradiation in
a material exposed to high-energy electrons. We used specimens of Zr + 1% Nb, Zr + 2.5% Nb
alloys and aluminum. The zirconium-based alloys were deformed by rolling followed by anneal-
ing at 550°C for 5 h. The aluminum specimens were prepared from rolled foil of thickness
10 ym. : : : :

The specimens were irradiated with electrons in the column of a JEM-1000 -high-voltage
electron microscope HVEM at an electron flux density of 1107 cm~2esec= and an accelerating
voltage of 1 MV. We measured the distances between a series of reference points rigidly

.-linked to the matrix to determine the tensor for the deformation arising during irradiation
by the use of the negative images. These reference points for the zirconium alloys were
small spherical deposits of a second phase that did not alter during irradiation. The refer-

Translated from Atomhaya ﬁnergiya, Vol. 56, No. 3, pp. 142-144, Maich, 1984. Original
article submitted December 14, 1982. : : .
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Fig. 1. Irradiated parts of specimens of
Zr + 2.5% Nb (a) and aluminum (b). The ar-
rows indicate the reference markers.

ence points for the aluminum specimens were small copper particles previously . deposited under
vacuum (Fig. la and b), which were firmly attached to the surfaces. The deformation in a giv-
en part of the structure was determined from the change in distance between the reference
markers. '

To correct for possible change in microscope magnification during the experiment, an un-
irradiated part of the specimen was photographed almost at the same time as the irradiated
part. Any change in distance between the reference markers in this part was due to change in
magnification and was correspondingly incorporated in deriving the deformation tensor. This
method of determining the local deformation provided an overall accuracy of about 0.05% when
we used an 1818 stereometer made by Carl Zeiss (Jena) with standard negatives of size 6 X 9
cm.

No substantial changes in the phase distributions in the zirconium alloys under irradia-.
tion were observed. After irradiation forv 1.5h, there were also no resolved dislocation
loops. The defect structure was not altered in the zirconium alloys or in the aluminum.

In the case of Zr + 1% Nb, measurement of the distances between the reference points in
the irradiated areas showed that there was no deformation. In the aluminum, the irradiated
region expanded. On the other hand, the sizes of the parts of the Zr + 2.5% Nb alloy on ir-
‘radiation either decreased or increased along both axes in the plane of the foil (i.e., perpen-—
dicular to the beam, while the dependence of the absolute deformation on dose or time was
the same (Fig. 2). This planar expansion or contraction of the irradiated areas is difficult
to explain in terms of point-defect condensation in particular_crystallographic planes [4].
Also, the deformation did not alter on subsequent annealing, which distinguishes this effect
from radiation growth [5].
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Fig. 2. The observed e(t) dependence: ex) one of the princi-
pal values in the deformation tensor; )- theoretical rela~-
tion for k * 10”2 sec™ in (7); O ) experiment.

One naturally explains the difference in behavior between the irradiated parts in terms
of differences in physical state before irradiation. The state of a part of a crystal at a
‘given instant is completely described by the distributions of mobile defects and potential
barriers, together with the stresses in the bulk, which together determine the subsequent be-

- havior. As no qualitative differences were found in the microstructures of the irradiated

parts, the differences in behavior under irradiation were ascribed to differences in internal
stress. A

A simple quantitative description in good agreement with the experiments can be obtained
by assuming that the deformation under irradiation is viscous. There are internal tensile or
compressive average stresses 0o in an irradiated disk region, while the planar surfaces of the
disk are free from stresses, and :in the relation between the deformation rate € in viscous
motion and the stress o is [6]:

&(t)=Bo (1), _ )
where B = B(t) is a coefficient defining the capacity of the material for plastic flow and
which is proportional to the point-defect concentration n(t) at a given instant. Then

B(t)=kpn(t), (2)

where kB is a quantity dependent on' the diffusion characteristics. We assume that the point-
defect concentration was linearly dependent on the irradiation time (we neglected point-defect
annihilation and escape from the boundary of the region):

n(ty =k,t, (3)

where k_ is dependent on the irradiation intensity -and the inelastic scattering cross section
related to the formation of Frenkel pairs. : : :

The stresses acting in a given region were taken also as linearly dependent on the de-
formation in the radial direction:

0(t)=0,—koe(t), ’ ' - (4)

_ where ko is the elastic characteristic of the material.

From (1)-(4) we get an integral equation for o:
. : t N ) .
0 (t) =0k Sto(t) dt, . (5)
J .

where k = kﬁknko;.the solution to (5) is

o) =oexn [—£ 1], 6)

‘and then from (4) we have

'e(t)z%[.i—exp(—é‘-iz)]. | : | 7

Formula (7) describes the experimental curves for Zr + 2.5% Nb with k = 107° gec~?.

" We note that the character of these curves and the dose corresponding to the inflection

‘region are the same as those for the dependence of radiation growth of this alloy on dose
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(expressed in displacements/atom) on neutron irradiation. However, in the saturation region,
the effect is larger in magnitude by a factor 2-4 than the radiation growth [5].

The following conclusions are therefore drawn. A deformed material has internal stresses
whose absolute value and sign may vary from one part to another. These stresses may locally
exceed the macroscopic yield point. The principal values e, and €, in the deformation tensor
are equal in each particular case (within the limits of the errors). The shear components of
the stress tensor, which provide dislocation movement, are practically zero, which indicates
that the internal stresses are of hydrostatic type, and that they relax only by point-defect
motion, i.e., by a diffusion mechanism. The relaxation rate is proportional to the point-de-
fect concentration or the radiation intensity at a given internal stress. The ratio of the
number of stretched regions to the number of compressed ones is evidently determined by the
character of the thermomechanical treatment, and this ratio is less than one for treatments
that on average produce compressive stresses (it is about 0.2 as indicated by the experiments
for Zr + 2.5% Nb). The initial internal stresses determine the deformation at saturation.
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OCCURRENCE OF GAS POROSITY ON ANNEALING'NICKEL.CONTAINING HELIUM

E. Ya. Mikhlin, V.F. Chkuaseli, UDC 621.039.531
Yu. N. Sokurskii, and G. A. Arutyunova

Introduction. There are many theoretical and experimental studies on gas porosity, which
has a considerable effect on the behavior of materials under irradiation. However, at present
there is no agreed view on which mechanisms play the decisive part in the. development of gas
porosity and gas release. The observed mobility of gas bubbles (1] is the starting point in
concepts in which the porosity growth is determined by the collision and fusion of such -bub~
bles (pores) [2, 3]. These concepts have been used in kinetic models for gas swelling [4-7]
and gas release [4, 5], where it is assumed that the pore motion .is produced mainly by surface
diffusion, with the diffusion coefficient for a pore related to the radius r by an expression
of the type

© s 3 o Qi
DY (r) = 5z D=5 , (1)

There are, however, numerous papers in which the pore'evblution is related to the'diffusion of
- single atoms [8-10].

One can eliminate the uncertainty on the roles of these mechanisms only on the basis of .
new and revised concepts on the pore mobility as affected by radius [11, 12]. On these con-
cepts, the diffusion coefficient for equilibrium gas pores, which is related to surface dif-
fusion, is defined by '

©» 3 Q4/3
D; :2—nD'—r_‘—W(r)’ (2)
where W(r) is a factor describing the suppression of the mobility because the gas density in-
creases as r decreases., It should be noted that W(r) decreases from 1 at large r to 0 at r =
1nm {11, 12]. Then Dés (r) at first increases as r decreases, but after the maximum falls

Translated from Atomnaya Energiya, Vol. 56, No.-3,‘pp. 144-148, March, 1984. Original
article submitted February 17, 1983.
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rapidly to 0. For r < 1 nm, Dy (r) = D}V’ (r), since the diffusion cgefflcient for not very
large pores is made up of contributlons from surface diffusion D (s) and bulk diffusion D(V)

D) =D () + D (). | (3)

The contribution from D(v) decreases rapidly (as r~>) as r increases. The detailed values of
Dy and DS (volume and surface diffusion) determine whether the mobility is a nonmonotone func-
tion of r and has a minimum (sometimes deeper) at r * 1 nm. These concepts agree with the
experlmental data available for some materials, according to which the mobilities of small
pores are quite small [13-15].  Equations (2) and (3) describe these data satisfactorily.
Also, (2) and (3) imply that a marked reduction in mobility occurs only in a comparatively
narrow size range, outside of which it remains fairly high, which disposes of the assumption
that the porosity evolution is due to collision and fusion' of moving pores. The contribution
to the porosity from the diffusion of single gas atoms can be incorporated within the frame-
work of this approach as a partlcular case of the diffusion of pores containing single gas
atoms.

This, however, is not the only significance of (2). One usually employs (1) in models,
which greéatly overestimates the mobilities of small pores, and therefore such models are
hardly reliable in predicting fuel behavior. Therefore, a quantitative model for gas porosity
and gas release has been devised [16] in which the pore mobility is defined by (2) and (3).
Calculations from this agree well with the available data on swelling and gas release for
oxide fuel, and also with the pore-size distribution within grains. This model [16] also
provides quantitative description of details of the gas porosity such as the size distribu-
tion for pores in defect-free parts of the grains and at dislocations and grain boundaries
and edges. We examine below how well the model describes these details by comparing the
distributions calculated separately for pores in defect-free parts of grains and pores at
dislocations with the corresponding distributions obtained by electron microscopy of helium-
irradiated nickel specimens after annealing.

Experiment. Nickel foils of thickness about 10 um were bombarded at 100°C with helium
ions to a concentration of 0.15 at.%Z. Then these foils were annealed at 700°C for 1, 3, 6,
12, 100, and 1000 h. At the end of annealing, the foils were thinned down and an electron
microscope was used to examine the gas porosity. We processed the electron micrographs for
various parts to derive 33 histograms for the size distributions at various annealing times.
Some of the photographs provided separate histograms for pores at dislocations and away from
them. These 17 paired histograms are particularly informative in interpreting porosity de-~
velopment. There were variations within fairly wide limits in the pore density and size dis~
tribution even for pictures relating to the same annealing time,. which may be due to physi-
cal inhomogeneity (for example, in the diffusion parameters or thickness), but which also
may be of purely statistical character. Therefore, the comparison with the calculations was
based on histograms for 3 and 100 h of annealing, since these were statistically the most
representative (6 and 5 correspondingly). We then added the numbers of pores in a given size
range from all the primary histograms with a given annealing time to derive the resultant
histogram, which was normalized to- the total number of pores (Figs. 1 and 2).

Basic Model Concepts. These have been présented previously [16] and amount to the fol-
lowing:

1. Porosity develops because of the collision and fusion of moving gas pores [2, 3].
‘The motion of the pores may be due, for example, to a temperature gradient. Also, there is
random wandering.

2. All the pores are spherical and equilibrium ones, while the gas theyrcontain is de-
-scribed by the equation of state for a nonideal gas.

3. Even the smallest gas-vacancy clusters down through complexes containing only one
atom of gas each may be considered as pores, which enables one to incorporate the diffusion
of single gas atoms into the general scheme. Any pore can then be considered as due to fu-
sion of n one-atom pores (pores of the initial size).

Structural defects such as dislocations and grain boundaries or edges retard the dis-
placement of the pores they trap and thus act as sites for more rapidpore enlargement, -There-
fore, there are distinctive regions associated with each type of defect, and there are also
defect-free regions, for each of which the porosity development is described separately.
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In our experiments, the annealing was performed in the absence of temperatuze gradients,
i

‘so the pores moved only on account of their Brownian motion. The concentration F;'’ of pores
of size i in the defect-free region (first region) is described [16] by

7 N 4 N &
ary 1 1 1, D 1 { : . 4
Lo W OFORD, _FD S VR B0 S S PR _ S P, C))
j=1 - B=2

Here the first sum characterizes the increase in F(*) due to collisions between p?r?s in re-
gion 1 of size less than i. The second and third Sums describe the decrease in Fi1 due to
collisions of pores of size i from the first region with pores of other sizes from the first
region and from all other regions correspondingly (B = 2 for dislocations, B =3 for boundar-
ies, and B = 4 for grain edges). The last sum describes the flow of pores of size 1 to free
parts of dislocations, boundaries, and edges. 1In the case of isothermal annealing,
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"”~4anUJ+DMnHO-+UL - (5)
where Db(r) is given by (3), in which Dés)(r) is defined by (2) and
DY (r) = 2D, (2)°.
The change in the concentration F§2) of pores at dislocations (region 2) is defined by

1 N ,
F&) i- .
(1, 2) o) (2 2 1,2) o4 (2. 2) p(2) () 2 2,202 .
= R RS 3 R S e, )
Gt i=1

where the first two sums characterize the changes in F(z) due §o collisions of pores from Ehe
is the rate of change in F
due to diffusion flow of pores of size i to free parts of dislocatlons The third and fourth

- sums describe the changes in F}?/ due to collision of pores involved in one~dimensional ran-

dom wandering along dislocations. Consideration of the contributions of these processes to
the porosity kinetics [7] gives

h . . ‘
v 2=t fqu—ry. r1ar. - i
) -

Results and Discussion. Figures 1 and 2 show the size histograms for pores from the
first and second regions obtained from calculations for annealing for 3 and 100 h together
with the observed histograms. The calculations were. performed for 700°C with the following .
values for the parameters: atomic volume © = 11¢107%* cm®, dislocation density d = 310*° cm™?,
grain size 1 = 20 um, surface energy y = 2400 erg/cm® (1 erg = 1¢10-7 J), van der Waals con-
stant b = 40¢107%“ cm® (for helium), suppression factor W determined for q = 400¢10~*“ cp?
(11, 12], surface self-diffu81on coeff1c1ent D = 5,8¢10~° cm®esec- ,* and volume self-dif-

fusion coefficient D = 10~** cm®esec™

The histograms show that the model calculations for both regions give size distributions
close to the observed ones. There is good agreement, particularly for the first region, for
specimens annealed for 100 h. However, on annealing for three hours the calculated distribu-
tion is somewhat to the left of the experimental one. Also, the calculated distribution for
pores at dislocations is somewhat displaced to smaller sizes by comparison with that for the
defect-free parts of the grains, whereas the observed one is slightly displaced towards larg-.
er dimensions.

The latter feature indicates that the mobility of the pores along the dislocations (at
least for small ones) is somewhat higher than in the defect-free part of the grain. This is
fairly reasonable, since point defects diffuse near the core of a dislocation much more rap—
idly than far from it [22]. ' Therefore, the pore displacement along dislocations may be some-
what more rapid, at least-by the self-diffusion mechanism. Of course, this applies to small
pores, whose displacement is associated with volume self-diffusion and whose dimensions do
not exceed the cross section of the area of elevated mobility near the core.

On this basis we performed the-calculation in which it was assumed that in the second
region (dislocations) D, = 3e 10~'? cm?esec~?; Figs. 3 and 4 show the results, which indicate
that the size d1str1bution for pores at dislocations is displaced to the right, while the
distribution for the defect-free part is v1rtually unaltered. This confirms the above as-
sumption about increased mobility of small pores along dislocations.

Conclusions. When helium-saturated nickel is annealed, the gas porosity is closely de-
scribed by the model, as in various cases considered previously [16], if the mobility is de-
'scribedby'expressions (2) and (3). There is fairly good agreement between the calculated and

.*The value of Dy for 700°C accord1ng to [17] lies in the range 1. 6-10‘1°-1 2-10" cm -sec"'1

while accordlng to [18] it is in the range 4+107%-9.3¢107° cm®esec™ The value used is
approximately in the middle of the range in Dg common to these two papers.
+D at 700°C may have a value from 10~'® to 2¢10™'“ cm®esec™' [19-21].
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Fig. 3. Size histograms after 3 h of annealing when D_ is in-
creased for pores at dislocations éDY = 310™'° cm2esec™?); a) for
the defect-free parts of grains (Fg§ 3.0010'¢ cm™2, Féaic 5 S5e

10*7 em™®); b) for pores at dlslocagions (Fg 2) = 1.,1¢1016 cm™
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Fig. 4. Size histograms after 100 h of anneallng when D is in~-
creased for pores at dislocations (D 310712 ¢ ? esec™): a)
for pores in the defect=free parts o¥ grains (F 3.5.10*3

cem™?, ( =2, 2 }01‘ cn~?; b) for pores at dis{gcations (F(Z) =

2.9+ 1015 cm-’ = 1.3-10“s cnr ). exp

observed size distributions for the defect-free region and for pores at dislocations. The cal-~

culations from the model also confirm the assumption that there is elevated mobility for small
pores along dislocations.
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SMALL INDUCTION MOTORS FOR NUCLEAR POWER STATIONS

"K. A, Alikhanyan UDC 621.313.13+621;311.2:621.039

Nuclear power engineering in the Soviet Union is a field of industry requiring induction
motors for various mechanisms, in company with a wide range of other components. Improvements
in the structural ischemes of nuclear power stations and experience in their operation are de-
pendent upon the creation of new motors for use under nuclear-power conditions. Small (frac-
tional horsepower) induction motors are used to drive various mechanisms involved in the
functioning of a number of systems under both normal and fault conditions. These motors are
principally used for driving slide valves and stop valves on water lines in the reactor and
for various actuator mechanisms. - It is not possible to use ordinary general-purpose motors in
these applications. '

The first series-A4 motors were developed in three structural designs and installed on
the Lovisa nuclear power station in Finland. They were installed in clean reactor buildings
and in. contamination boxes (0.12-0.55 kW) -in the upper (0.18 kW) and lower (0.12, 0.18 kW)
levels of the reactor hall. The motors are continually subjected to high ambient temperatures

- and humidities at high pressures and at significant levels of radiation. The highest doses
' of-radiation (100 rad/h) are to be found at the lower level of the reactor hall. These con-
ditions, plus the demand for high reliability under all conditions of operation, including

fault conditions, dictate the choice of structural and insulating materials.

» Studies have shown that despite the high temperature (120°C) and humidity (saturated
steam), they can have the same power ratings as their parent machines.

Motors with ratings of 0.18 and .0.25 kW, developed and brought into mass production for
power stations equipped with the VVER-1000 reactor, are also intended for driving slide and
stop valves. The development of new motors is called forby the specific features of opera-
tion of the power stations furnished with VVER-1000s: elevated temperatures (70°C), relative
humidities (up to 100%), pressures.(up to 1 kPa), radiation effects (5¢10° mrad/h), service-
ability under all fault conditions, characterized by sharp increases in temperature (up to
150°C), pressure (490 kPa), and radiation (5¢107 mrad/h). There are also severe restrictions
relating to reliability, earthquake resistance, hermitic sealing, operation without servicing

‘ and repair for sustained periods (up to 2 years).

‘ For use inside the motors of insulating materials of heat stability class F, conductors;
‘ coatings, and varnishes for impregnation have to be selected bearing in mind their subsequent
use on a nuclear power station. Tests and operating trials have confirmed their quality.

| These machines were developed in 1979-198% and unified as far as possible with machines
created earlier for nuclear power stations in Cuba and Libya. . These were subject to even.
more rigorous demands on earthquake resistance. o

The motors for experimental mechanisms comprise a special group in- themselves. They have
relatively low electromechanical time constants (tM = 0.03 sec) for rapid operation of ac-

Translated from'Atomnaya ﬁﬁergiya, Vol. 56, No. 3, pp. 148-149, March, 1984. Original
article submitted August 30, 1983,
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Fig. 1. Classification of conditions of use of induction motors and their para-
metric series. Induction motor; t) temperature; n) relative humidity; p)
pressure; r) radiation; c) earthquake resistance; P) power; v) speed; f) frequency;
G) steamgas mixture; A) steamair mixture; I, II) rated and fault conditioms of
operation; L1, 2, 3) are operating conditions: S1) continuous, S2) intermittent;
S$4) continuous-intermittent.

Small induction motors for nu-
clear power statioms.

Fig. 2.

tuators (particularly shut-off valves). The electromechanical time constant is found by means
of expression :

tM::J((’JO/Mh)’ _
where J is the moment of inertia of the rotor, wo is the angular velocity of the rotor, Mg is
the starting torque of the motor.

A batch of motors has been manufactured and brought into operation on unit 5 at the Novo-
voronezh nuclear power station. Mass production has been organized by the Soyuzélektromash
production association. '
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4aiysis 0L tnoe COntract shows that the motors have been used on all power stations

" equipped with types VVER?440 and 1000 reactors. The demand for new types of motors is being
studied. The stabjilization of types ordered for nuclear power stations has enabled them to
be classified according to their conditions of use and their basic size and parameter series
(Fig. 1). Last, but by no means least, we have been able to unify all previously developed
machines, thus reducing the number of different types in production to a minimum as far as is
practicable. -The design of the motors is illustrated in Fig. 2.

AUTOMATED SYSTEM FOR MAKING OBSERVATIONS, EVALUATIONS, AND FORECASTS:

A FOUNDATION FOR COMPREHENSIVE PROTECTION OF THE ENVIRONMENT AND OF
THE PUBLIC HEALTH

E. I. Vorob'ev, V. M. Prusakov, uDC 339
and V. A. Minchenko '

At the present stage of development of environmental protection and some related areas
of this science, one of the most important problems is further development of the theoreti-
cal and scientific foundations of the: system for controlling the quality of the environment
in the interests of public health and maintenance of labor resources. Here, the problem of
creating automated systems for protecting the environment in regions of large-scale indus-
trial-power complexes becomes very important [1]. An analysis of the status of this problem
- shows that .a great deal of attention is directed in this country and abroad [2-5] toward
automating the observations and evaluations of the state of the environment on the one hand
and of public health on the other. Most existing systems and most systems under development
reflect only some one aspect of the interaction of man (or the source of the perturbation)
with the environment. The problems involved in making comprehensive evaluations and fore-
casts of the action of industrial emissions on the environment, including the working envir-
.onment and the state of public health, are solved extremely slowly. The methodological and
conceptual foundations required For the solution of this problem have not yet been formulated.

In this connection, a special-purpose program for creating scientific (medical-health,
technological,andnmthematical) foundations of an automated system for protecting labor per-
sonnel, the environment, and public health in regions of large-scale industrial-power complex-

es ("Angara" program) has been developed and is being realized for one of the industrial cit-
ies of Siberia. K ) '

An analysis of domestic concepts of monitoring [6] permits representing the automated
system for making observationms, evaluations, and forecasts together with the organs and the
object of control as one of the variants of the most advanced system for protecting the en-
vironment and the public health. In this respect, the system for making observations, eval-
uvations, and forecasts is viewed as a means for providing the required reliable data to con-
trol organs in order to make decisions concerning regulation of the sources of environmental
disturbance, the state of the environment, and the level of public health.

The object of the investigation and of control is a- complicated system of interacting
elements: production (source of action)—environment—public health. In its general form such
a system must include the interacting elements mentioned above (Ay, Az, and A,, respectively),
the subsystems of factors determining the conditions of formation of the disturbance of the
environment (B,) and of man (B;) and, finally, the factors affecting (controlling) the state
‘and nature of the interaction of the basic elements of the system (C). '

The distinguishing features.of the automated information system (AIS) must be as follows:

comprehensiveness of the estimates of the past, present, and future state of the sources
of the disturbance of the environment and of the public health in developing solutions to
problems; :

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 3, pp. 149-153, March, 1984. Original
article submitted April 8, 1983, : '
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functional completeness of the AIS, including dynamic observation, evaluation, and fore~
casting of the state of the object of control;

availability of the required complex of technological and programmed means for perform-
ing the investigatory functions (data bank, software, and family of models);

orientation of the system toward revealing the possible spectrum of responses and, pri-
marily, the primary (initial) diversions in the population under the action of harmful factors
in the environment.

This constantly operating system must raise the effectiveness and validity of the con-
trol decisions adopted for protecting the living conditions and health of the population from
undesirable actions of chemical pollution of the environment and other factors in regions of
large-scale industrial-power complexes. To create such an AIS, a system for collecting data,
data banks, and the means for analyzing and evaluating information as well as for modeling
and forecasting is currently being actively.developed (Fig. 1).

The main principle of information support in creating the data collection system is re-
ferral to stations for obtaining and concentrating information on the state of the public
health, on the environment, on the work place, on the sources of envirommental disturbance,
and on social factors. This comprises a constantly operating subdivision of medical, analyti-
cal, and monitoring services of the city, factory, administrative and statistical imstitu-

tions, ete. Plans are being made for obtaining information through the efforts of scientific-

research subdivisions in performing experiments and for adjusting separate elements and prob-
lems of the system as well as the methodology. The required documentation is developed,
adapted, and disseminated and the points of observation, population quotas, and periodicity .
of the data collection are selected.

The greatest difficulties in developing the system arose in formulating the indicators
for observing the state of the public health. To overcome .these difficulties we proposed a
comprehensive approach, characterized by two basic features . First, our approach includes
a wide spectrum of indicators, which presumes that judgements concerning the dependence of
the state of the public health on environmental factors will be based on objective informa-
tion on such characteristics as reproductive function, physical development, and functional
activity of the organism, morbidity and mortality, and longevity in representative groups.
In determining the indicators we used the recommendations and documentation from the N. A.
Semashko All-Union Scientific-Research Institute of Public Health, the Institute of Medical
Genetics of the USSR Academy of Medical Science,»the’Central Institute for Improving Doctors,
and other organizations. Second, we combine the se€lection of already available indicators
with the search for and development of new indicators, including fine indicators of changes
in the health of the population, at both the individual and collective  levels.

Thus a procedure for genetic monitoring is being developed following a special program
together with the Institute of Medical Genetics of the USSR Academy of Medical Science.
Based on a retrospective analysis of the dynamics of the frequencies of inherited pathology,
a new method has been proposed for monitoring the process of mutation in man: observation
of the dynamics of "units " of the inherited pathology, which reflect the contribution of
new mutations and are easily incorporated into practical work [7].

Special attention is being devoted, in the system, to the development of a method for
evaluating the state of individual health. For this purpose, a variant of the automated sys-
tem of mass predoctor examinations using a special automated complex is being introduced.

A new scheme for medical examination, based on data obtained from questionnaires (anamnesis),
inclusion of the frequency of consultation of doctors, and chronic pathology as well as in-
strumental examinations has been proposed. ‘The system will permit estimating in a differen-
tiated manner the state of health not only for the individual but also for separate groups of
‘workers and will give a considerable economic savings due to a reduction of the time spent
on medical examinations and the numbers of workers visiting a climic.: This will raise the
functional level of the AIS under development up to the level of discovery of prepathological
states as a foundation for requirements on the need for improvement of sanitary conditions.
Other investigations, in particular immunological, are performed in order to search for in-
formative tests of the state of adaptive-compensatory mechanisms.

An important element of the system under development is the data bank. The data bank
of the Angara program, the composition of the integrated bases of which is shown in Fig. 2,
is being designed to accept 60-270 million characters of diverse information per year. The
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Fig. 1. Special-purpose structure of the mathematical and technical
aspects of the "Angara" program: DBCS is the Data Base Control System.

‘bank presently includes the data base for sources of disturbance (sanitary-technical, chem-
ical, physical, biological, nervous-emotional, and psychological); for the state of the work-
ing environment and of the atmosphere,.water reservoirs, the quality of drinking water, and
-weather conditions; for social-economic (and food) factors, state of health of individuals
and groups of individuals from data obtained by massive medical examinations and special’
physiological clinical examinations, stationary and dispensary observations, turnover, and
demographic statistics as well as from data characterizing the reproductive function of the
population. Information on the technological equipment and process, degree of heaviness,
work stress and work regime, content of chemical and biological impurities in the air, in

the working area, and on the skin of workers, physical and microclimatic factors, content of
chemical and biological pollutants in the atmosphere and water, meteorological factors, liv-
ing conditions, education, level of medical service, wages, professional course, duration

and location of residents in the city, functional state of separate systems and of the organ-
ism as a whole, morbidity (including oncological), duration and termination of pregnancy,
birth defects, physical and functional state of newborns and children, mortality, birth rate,
migration, and other factors are incorporated as primary information into the data bank.

Based on the primary information, a large number of the so-called secondary indicators,
which increase the working efficiency of data bank users, is formed. For example, based on’
printed documentation for taking into account the frequency with which workers seek medical
help, more than 100 secondary indicators, which will become the primary hierarchy of the data
bases required for solving practical and scientific problems, will be obtained. At the first
stage, the health of twenty thousand workers in the leading industrial complex and forty
thousand residents of all ages in two regions of the city (twenty-two thousand individuals
in each region) with»differént content of pollutants in the air is monitored.

By.virtue of the particularity of the problem being solved, related to the accumulation
of a large amount of information, which is constantly being added to and changed, as well as
to the structure of this information, a hierarchical model of data bases was chosen, and on
this basis the hierarchical type system of control of data bases (DBCS) INES was chosen. In
the system under development, the means of analysis and evaluation include software, matched
with the technical, information, and program means, and a collection of solved problems and

-criteria for evaluating the information obtained and the results of the analysis. It is not
useful to create a special program-algorithmic support for this type of system. It can be
equated to the development of a special computer for such purposes. For this reason, the main
path is to adapt existing software to the requirements of the specific system. '

The process of developing the means for analyzing the program data is characterized by
the need to perform the work with an incomplete determination of the list of problems to be
solved. In other words, means must be provided for investigating any fragment of the data
bases and any set of the data bases using all of the modern tools of mathematical statistics.

- For this reason, the determination and systematization of the basic types of problems is of
- fundamental importance in selecting the mathematical support based on classification of the
. starting data. ' :
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Fig. 2. System of data bases of the data bank for the Angara
program: program data bank (PDB); data base for emission sourc-
es (ES); location (L); characteristics of emissions (CE); data
base for working environment (WEB); chemical, physical, bio-
logical, psychoemotional, and psychosocial factors (CF, PF, BF,
PEF, and PSF, respectively); atmospheric data base (AB); meteor-
ological data (MD); content of impurities (I); data base for wa-
ter (WB); organoleptic properties (OL); epidemiological danger
(E); chemical impurities (C); base of social-economic factors
(BSEF); level of medical service (MS); living conditions (LC);
education (E); food (F); base of demographic indicators (BDI);
birth rate (BR); still births (S§); mortality (M); longevity (L);
migration (Mi); structure of population (SP); base for data on
the public health (BPH); passport-social information (PS); phys-
ical development (PD); functional state of the organism (FSO);
reproductive function (RF); turnover (TO); data on deaths (DD),.

According to their significance, all data can be referred to quantity, frequency, and
grouping factors. Thus the indicators of the atmosphere, water, and working environment bas-—
es are the concentration levels, noise level, etc. The morbidity of population groups during
a particular period of time is the frequency indicator; sex, place of work, and age are the
grouping indicators. But this is not unique. In determining the chemical load on a person,
the concentration of impurities is viewed as a quantity, but in characterizing the quality
of work at the factory, from the point of view of protecting the environment, the same data
over a definite period of time can be represented as the distribution of the frequency with
which the measured quantities fall in the range up to 1 MPC (maximum permissible .concentra-
tion), 1-5 MPC, 5-10 MPC, etc. Analogously, the grouping indicator can be used in some prob-
lems as a parameter. Accoidlng to established ideas, the dynamic and statistical data are
distinguished according to the forms of observation and the characteristics of the short-time
or chronic phenomena, referred to different t1me intervals, are distinguished ‘according to:
duration, etc.

In order to make possible a combined analysis of diverse data, the data are tied to the
location and time of sampling with unified coding of the data for the Angara bank. The main
means for performing. the analysis is a packet of applied programs for processing biomedical
information. Blocks are partially formed with the help of DBCS INES. The unification of
blocks for combined analysis is provided for by the original program, which permits combining
into a single realization the data from several blocks according to a set of coinciding in-
dicators or indicators shifted by a constant number of digits. ‘An example of such a problem
is the search for a relation between morbidity and the state of the atmosphere during a par-
ticular period of time. '
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Based on the means. indicated above, the set of problems that can be solved in the auto-
matic regime on a computer is being investigated. Criteria are being formulated for evaluat-
ing the results. Since one of the main purposes of the system is to obtain differentiated
estimates of indicators of the health and of the state of the environment, a complex of cri-
teria for the health estimates is being created. It will include the following indicators
(in order of decreasing significance): the actual danger, the potential danger, the special
or objective indicators.  The criteria of the actual danger are indicators of the changes in
the state of health. The criteria of the potential danger are the experimentally established
MPC and the indicators based on them. The special, or objective, criteria are the usual in-
dicators.

The theoretical foundation of this proposal consists of presently.established character-
istics of low intemsity: nonspecific nature of the actions due to a decrease in the resistance
of the organism to different pathogenic factors; manifestation of such action on the popula-
tion in a wide range of responses (from primary shifts to distinct harm) depending on the
strength of the harmful effect. :

The model which permits studying and evaluating the processes and consequences of the
solutions adopted to various problems concerning the protection of the environment and of
the public health in the production—environment—public health system must be the main element
of the system. It is evidently now possible to develop a simulation model comprising a col-
lection of different types of models, each of which realizes a specific goal: It demonstrates
the behavior of separate aspects of the real system under the action of changes introduced
into it. On the whole, they will reflect to some degree of completeness our knowledge of
the entire system under study. This collection of models is being developed using a different
language for expressing the models . (block diagrams, matrices, mathematical and algorithmic
description in the form of equations, mathematical operations, program description). The
modeling is based on the conceptual model of the production (source of action)—environment—
public-health system. The general structure of the model for computer realization, the gen-
eral algorithm for forecasting public health, and .the working model for forecasting in the
pollution—source—air-basin—public—health (children) system has been developed.

During use of the AIS the models will be improved and enriched due to the internal con-
tent of separate subsystems and blocks. Analysis of the modeling has indicated the paths of
development and improvement of the models. Based on the achievements of forecasting in sci-
ence and technology, a series of assumptions for public health forecasting in the pollution-
source—air-basin—public-health system have been developed.

Experience has shown that the guiding principle for carrying out the program is the use
of modern concepts in the area of environmental protection and public health and their de-
velopment; large-scale use and testing of the latest means for recording, collecting, stor-
ing, and analyzing information; practical application of the results obtained at the develop~
ment stages, transmission, and dissemination of the elements of the system after they have
been tested and used commercially (adoption). '

Thus an automated information system for protecting the environment and public health
is being developed. It is intended for studying the general. and particular characteristics
of the interaction of man and environment (adaptive-compensatory processes) at the system,
individual, collective, and population levels, as well as for studying the relation between
the environment and. sources of pollution.

Ihe'deQelopment of!a reasonable and efficient system requires that comprehensive medi-
cal-hygienic, social-hygienic, technical-mathematical and other forms of investigations be
performed on both methodological and theoretical levels. '
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RADIOACTIVE CONTAMINATION OF THE .SEA ENVIRONMENT NEAR THE
LENINGRAD'ATOMIC ENERGY PLANT IN 1982

S. M. Vakulovskii and A. I. Nikitin ' , UDC 551.464.6.02

The Baltic countries are utilizing on a large scale the coastal waters of the Baltic Sea
for cooling the turbine condensers of atomic energy stations and for the disposal of liquid

waste with low specific activity [1, 2]. In the USSR, the coastal waters of Kopor Bay in

the Gulf of Finland are used as the cooling reservoir for the V. I. Lenin Leningrad Atomic
Energy Plant (LAEP). The low-activity disbalance water from the plant is also discharged

here [2]. The first unit of the plant incorporating an RBMK-1000 reactor was put into service
in 1973, and three additional similar units were made operational in 1981 [1]. Thus, a con--
siderable time interval has elapsed since the plant was put into operation, which permits us
to draw conclusions concerning the effect of radioactive waste from LAEP on the radioactivity
conditions in Kopor Bay. :

Information on the radioactive contamination of biometers, mainly brown Fucus algae,
caused by the operation of atomic energy plants was published recently [3, 4]. According to
data from [5], the zone of contamination produced by waste from LAEP and detected by means
of modern radiometry methods is limited to a radius of a few kilometers, while the contamina-
tion zone pertaining to algae of the biometer type has a radius of up to 15~20 km.

The Institute of Experimental Meteorology completed a field investigation of Kopor Bay
in June 1982 in order to obtain data on the contamination level ard the distribution of radio—\
nuclides from LAEP waste in the sea environment components. During the investigation, radio- |
nuclides were concentrated from samples taken from the coastal waters and from the open water ‘
area of Kopor Bay, and samples of bottom deposits and biometers "(brown and green algae) were
taken at points located at distances of up to 5.5 km from the LAEP. The position of the
sampling points is shown in Fig. 1. Water samples were taken by means of the equipment de-_
scribed in [6, 7] with simultaneous separation of weighed matter and concentration of the ra-
dioactive impurity by means of a selective sorbent. A fibrous sorbent based on copper ferro-
cyanide was used for extracting the dissolved fraction [6]. The water was filtered through a
combination filter consisting of FPP-15-1.5 fabric (first layer) and a "blue-ribbon" paper
filter. After calcination at 350°C, the algae specimens, the sorbents, and the filters were
measured by means of a semiconductor gamma-spectrometer incorporating a DGDK-80 detector.
Samples of bottom deposits were measured in a similar manner after drying at 100°C.

The results obtained in determining the percentage of artificial y-rddiators in sea en-
vironment samples from Kopor Bay are given in Tables 1-3. It has been found that neutron ac-
tivation products from LAEP waste are present in virtually all sea environment constituents
in the samples taken. The observed level of contamination indicates that the plant has been
operating in a normal manner during the period of time under consideration, which is readily
seen by comparing the level of biometer contamination near the LAEP with the data pertaining
to some of the atomic energy stations in other Baltic countries. Thus, at a distance of 1-2 km
from the Lovisa atomic energy station, the concentration of induced radionuclides ®°Co and
SMn in brown Fucus algae amounted to 23-39 and 15-22 Bq/kg, respectively [4]. These values
.are only slightly below the level of contamination of similar biometers near the LAEP. It
should be taken into account that the Lovisa atomic energy plant incorporates two units with
VVﬁRrAAO,reactors, which contaminate the environment to a lesser extent than channel-type reac
tors. The contamination level of brown Fucus algae at a distance of 1-2 km from the Swedish

_ Translated from Atomnaya ﬁnergiya, Vol. 56, No. 3, pp. 153-155, March, 1984. Original
article submitted June 29, 1983.
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Fig. 1. Position of the sampllng points
near the LAEP.

TABLE 1.. Percentages of '°*’Cs and Neutron
-‘Activation Products in Biometers from Kopor
Bay (samples taken on June 16, 1982), Bq/
kg dry weight

o E

o X . : .
Point 5., PBiometer Mi* | sapn | soco | 137cs
No. Egm type My

AES ‘ v
"4 | 1 [Greenalgae ~ |042| 12 | 54 | 22
2 2 |same 0,46 14 | 36 | 19
"2 [ 2 .|Brown algae 0,27 34 93 16

*M,; .and M, are the masses of dry and wet
algae, respectively.

TABLE 2. Perce_ntages‘of $%Co and '27Cs in
Seawater from Kopor Bay, Bq/m

b |8 E g
oint EEﬁ&mmm Twed ST pl soco | 137Cs
No. |& Didate sample cEg
- |RES >8=
9 2 116.06.82Suspension = | 1250 |- 0,5

Dissolved part| 750 [ 0,7

0
6
4 | 5 |19.06.82|Suspension | 2310 | 0,08 ©
' Dissolved part | 2170 4
0

4

.5 5 |20.06.82] Suspension 1720 |<<0,07,
: Dissolved part| 1720 ‘

Barsebeck atomic energy piant (two units with BWR-580. reactors) is higher: In 1977, it
~ amounted to 200-500 and 30-80 Bq/kg for °°Co and *“Mn, respectively [3] o

At the present time, the LAEP has produced no noticeable effect on 1370g contamination

of the water and bottom deposits against the background of the existing global contamination,

. The concentration of **’Cs in the bottom deposits of Kopor Bay does not exceed the radionu~
clide concentration in the bottom deposits of the open Baltic Sea and the Gulf of Finland,
which, according to our data, amounts to 2-24 Bq/kg. The '°7Cs concentration in the algae
which we measured is comparable to the radionuclide concentration in algae sampled in the _
Baltic at locations remote from the atomic energy station [8]. We have not observed a reduc-
tion: in the '*7Cs concentration in the coastal bottom deposits with increasing distance from
the LAEP, while the °°Co percentage diminishes by a factor of 4 when the distance from the
plant increases to 2 km.

(3]
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TABLE 3. Content of **7Cs and °°Co in the Beach Sand and the Bottom Deposits of

Kopor Bay
Distance | ) Co B 1"». Voo . _. . 137Cs . .
Point |from | .Sampling |Depth, .| Botom sampilng } . — a0Co,
No. [LAEP, date ™ | depth, em Type of bottom | /g BR/m? Bk/m
m - _ ] i
i 1 16.06.82 0,5 | Surface layer Sand 5 Not determined 6
2 2 16.06.82 0,5 |same Same 4 Same 1,5
3 2 16.06.82 | Beach » » ¥ » 5 » » 1,6
L 5 20.06.82 10 » LS <1,5 »o» <1,5
b 5 20.06.82 - 10 ) { Sand, gravel <1,5 » » <1,5
7 5,5 20.06.82 10 0-2 Sand 1,8 80 <1,
2—4 Silty sand <1,5 . 30 <1,5
8 5,5 20.06.82 10 0—2 Same 7 230 <1,5
. IS B . e e | 2+4 o 4 110 <1,

The contamination of the bottom deposits is concentrated within a 2-km radius from the
LAEP. No *°Cowas detected in the bottom deposits of the open water area of Kopor Bay. The
'data obtained on the °°Co distribution between water and suspended matter indicate that this
radionuclide probably spreads at locations remote from the plant, mainly with suspended mat-
ter. Thus, the dissolved ®°Co fraction was not found at a distance of 5 km from the LAEP in
the open part of Kopor Bay (point 4). Unfortunately, the degree to which ®°Co is sorbed by
our sorbent, which has been developed mainly for cesium extraction from seawater, has not been
investigated to a sufficient extent. The simulator experiments that have been carried out ..
have shown that the sorbent extracts not more than 507% of the amount of radionuclide intro-
duced. We used this value in calculations, and the thus-determined concentration of *°Co
dissolved in coastal waters should be considered as a minimum value.-

The measured concentrations in the aqueous phase were used for determining the *®7’Cs
accumulation factor and estimating the ®°Co accumulation factor for sea algaes. The 137¢g

accumulation factor amounts to 450-510 for green and 700 for brown, algae; the ¢°Co accumula-

tion factor does not exceed 8700 and 35,000 for green and brown algae, respectively.
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NEUTRON' INSPECTION OF MOISTURE IN SLIGHTLY ENRICHED UO,

V. V.. Frolov, V. I. Bulanenko, - UDC 539.1.074.8
and V., V., Charychanskii

One of the conditions of successful operation of enterprises producing fuel for atomic
power plants is to ensure nuclear safety. If enrichment with *®°U amounts to less than 5-6%,
the critical mass of anhydrous uranium compounds is infinite. However, in practice, media
containing hydrogen, which is an efficient neutron moderator, are used for producing U0, from
UFs, so that the criticality conditions are potentially attainable. The presence of hydrogen
in U0, powder is due to various causes: sorption of air moisture, addition of a hydrogen-
containing plasticizer before cake pressing, or deviation from the technological conditions.
The probability of breaks in the water supply lines used for U0, cooling in certain techno-
logical operations must also be taken into account in providing for nuclear safety.

.If the degree of enrichment and the density of U0, are known, one can readily determine
the constraints to be imposed on the equipment geometry or the moisture percentage in order
to ensure nuclear safety. The geometric constraints (a volume of not more than 50 liters of
a form of equipment providing a large neutron leakage surface) can readily be effected and
checked. - However, they are often unacceptable for economic reasons or because of technologi-
cal factors (for instance, using moist UO, .in filling or emptying tubular or flat apparatus
is extremely difficult, in contrast to similar operations with liquid media). In certain cas-
es, it is more advisable to use equipment with nuclear-hazardous geometry and limit the hy-
drogen concentration in UO2, using an inspection method satisfying the main requirements:
sufficient sensitivity and accuracy, rapidity, possibility of automation, and elimination of
contact between the data unit and UO,. These requirements are satisfied by the method pre-
sented below, which is based on moderating fast neutrons with hydrogen nuclei.

Figure 1 shows the theoretical value of the critical mass M., of a sphere with a complete
aqueous reflector as a function of the moisture W in UO, with a density of 3 g/cm®, enriched
with 23°y by 2, 3, and 5% [1]. According to these data, if W.<{ 3%, the criticality conditions
cannot be achieved by using industrial equipment and UQ, with adensity < 3 g/cm® and enrich-
ment 5% with respect to “°°U, since M., > 20 tons. Thus, in order to ensure nuclear safety,
it is sufficient that the lower moisture measurement limit Wyjp be equal to 0.5% and that the
warning signal threshold Wg¢p, ~ 2-3%. At the same time, the volume (or diameter) of the meas~

“uring container must be chosen so that it can be charged with UO, containing any percentage
‘of moisture. According to nuclear safety rules, the neutron multiplication factor K, in the

- measuring container filled with UO..powder must be smaller than 10-20 for the highest moisture

-content; however, in the range of actual moisture values, 0.5-3%, it was found that K. =< 1.5-
2. The method developed is based on the irradiation of the inspected medium with high-speed
neutron radioisotope sources (Pu—Be, ‘?*2Cf) and recording the moderated neutrons.

It has been found experimentally that the sensitivity of the method is the same for di-
verse sources, such as Puli and Pu—Be. Sources with a yield of ~(1-5)+10° neutrons/sec and
high-efficiency detectors with '°B (two SNM-11 counters; Fig. 2a) or with *He (four SNM-18
counters; Fig. 2b) were used to ensure the required count statistics and limit irradiation of

. the personnel. o : ' ' :

The other parameters affecting the semsitivity and accuracy of the method are the density
of U0, powder, the reflector type and. thickness, nonuniformity of moisture distribution in the
measuring container, the geometry of the source and neutron detector arrangement, and the tem—
perature. Experimental and theoretical data confirming the efficiency of the methdd for solv-
ing problems of moisture inspection in UQ; were obtained for most of these parameters.

" The secondary measuring equipment includes a mass-produced RPS2-01 radiometer or an in-
dustrial Neitron-3M hygrometer. For enrichment with *>°U of less than 2%, the safe diameter

. Translated from Atomnaya fﬁergiya, Vol. 56, No. 3, pp. 155-157, March, 1984, Original
article submitted Jume 20, 1983. ‘ L o : '
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Fig. 1. Critical mass of U0, in the form of a ball with a complete aqueous reflec-
tor as a function of the moisture percentage. The figures at the curves pertain
to enrichment with respect to 2°°U.

Fig. 2. -Schematic diagrams of two experimental devices. 1) Pu—Be source; 2) SNM
detectors; 3) uranium dioxide; .4) nickel reflector.

of the cylindrical container.is equal to 40 cm. .The height of the UO. specimen with which }
the device is charged must be comparable to the container diameter, but not smaller than the
length of the neutron counters used. The measuring container is surrounded with a nickel or
steel reflector, provided with the necessary technological through passages.

Standard specimens with UQ, containing moisture in the 0 << W:<X 10% range are prepared by
careful mixing of known amounts of UO, and H,O and are then analyzed by drying the samples
taken before and after an experiment. The error in determining the moisture percentage in a
sample does not exceed *1-2 rel.Z for W = 1%. Throughout the investigated moisture range, the

than one order of magnitude the accuracy of neutron inspection equipment, which makes it pos-—

sible to use the former as standard equipment- in relation to the latter. This condition is
necessary, but it may be insufficient if representativeness of the samples is not assured. w
Therefore, the samples with U0, are taken from different places in the measuring container,
representing both radial and azimuthal moisture distributions. Each sample is subsequently
d1v1ded into three parts, which are analyzed. 1ndependently of each other.

Figure 3 shows the counting rate of two SNM-l1ll detectors as a function of the moisture
in U0, for the geometry shown in Fig. 2a. The density of U0, is equal to 3 g/cm®, while the
nickel or steel reflectors have different thicknesses. . These data. lead to important conclu-
sions: The use of reflectors is a necessary condition for utilizing successfully the moisture
inspection method in the 0,5 << W << 3 range; the efficiency of a nickel reflector is higher
than that of.a steel reflector, which has also been confirmed by theoretical estimates. A
nickel reflector thickness of ~5 cm is sufficient with regard. to the required sensitivity and
economic considerations. A

We represent the counting rate of the detector N.as a function of the moisture W in the
following form:

N=N, +SwW,

where N, is the detector's background counting rate, and Sy is the sens1tiv1ty of the equip-
ment used.

Assuming that the relative 1nspectlon error is AW, in/wmln = +100% for a confidence in-
terval of 99.7% (30 test) and Nytp., >> 1, where Wyj, is the lowest measured value of moisture,
and thea 1s the measurement duration, we obtain

On the basis of the data in Fig. 3 .(curve 6), we have for W = 1% the values SW =% 15 puls~
es-sec“/lz and Ny = 30 pulses/sec. Thus, for tj ., = 10 sec, Wp;, = 0. 3%.-

Figure 4 shows the relationships obtained for the geometry shown in Fig. 2b. The height
of the measuring container in the form of a rectangular prism is equal to 60 cm, the size of
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Fig. 3. Neutron counting rate as a function of the moisture in
U0, for differeﬁt reflectors. 1) Without reflector; 2, 4)
stainless steel, thickness 2.5 and 5 cm, respectively; 3, 5,
and 6) nickel, thickness 2.5, 5, and 10 cm, respectively.

Fig. 4. Counting rate of SNM-18 counters as a function of the
moisture percentage.  The figures at the curves pertain to the
. thickness of the nickel reflector behind the counters.,

the base is 26 x 26 cm, while the thickness of the nickel reflector is equal to 4.5 cm; how-
ever, on the side where the counters were located, the thickness was varied from O to 2 cm.
The results show the considerable advantages of the geometry where the source and the detec-
~ tors are separated by the U0, specimen to be inspected: For equal thicknesses of the nickel

reflector, the sensitivity of the method increases by more than one order of magnitude; the
effect of possible nonuniformities in the moisture distribution becomes negligible; the pos-
sibility of placing a large number of counters on the sides of the measuring container makes
it possible to obtain a large number of readings and ensure analog tapping of data from the
radiometer with a small integration constant.

It is of ‘interest to consider the effect of the density y on the results of measurements
of moisture in UO,. The size of particles and the density of bulk U0, vary, depending on the
production technology (wet or dry method). The range of actual y values is -equal to 2-3 g/cm’®
[2]. ‘Relative density fluctuations amounting to Ay/y = *10% have been observed in practice.
It has been found experimentally that (AN/N)/(Ay/y)<< 1 for the geometry shown in Fig. 2b and
a container diameter of 10 cm. This error component of the method can be :taken into account
by an independent density check, for instance, using a radioisotope densimeter. As the diam-
.eter of the measuring container increases from 10 to 30 cm, theerror (AN/N)/(Ay/y) 0.3 be-
- comes comparable to that of gamma-densimeters. Therefore, it can be neglected for purposes

‘'of nuclear safety if we introduce a suitable margin with respect to the actuation threshold
of warning signals. The following expre531on is used for determlnlng the lower value of the
actuation threshold I,

T ce= Ty /11 + (A/00)],

where II,17 is the actuation threshold corresponding to the allowable moisture percentage based
on nuclear safety norms (%), and A is the total relatlve error of moisture inspection corre-
sponding toll,qq (%).

Under actual, stable operating conditions of measuring devices, the temperature does not

greatly affect the inspection error. , _
In conclusion, the authors are grateful to L. V. Diev, B. G. Ryazanov, V. N. Gurimn, V. S.
Vnukov, V. A. Lapshin, and L. V. Zhilin for their interest in this project and their support.
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AVERAGE CHARACTERISTICS OF THE SLOWING DOWN OF LOW-ENERGY
ELECTRONS IN A TISSUE-EQUIVALENT MATERIAL

V. A. Pitkevich ‘ UDC 577.3:539.12.04

Studies of the characteristics of the stochastic process of electron slowing down in mat-
ter are not only of independent interest, but also are widely applicable, since the secondary
electrons shape the spatial distribution of absorbed energy of ionizing radiations in matter.
The transmission of electrons can be considered a random branching process where a set of
"trees" at whose branch points secondary, tertiary, etc., electrons are created in ionization
processes. By employing information on total and differential cross sections for the interac-
tion of electrons with the atoms comprising a tissue—équivalent material (C;:,sNo.s30s.06H10
[1]), the Monte Carlo method can be used to describe in detail all the characteritics of the
process under study. Grosswendt [2] studied the slowing down of 30 eV-5 keV electrons in a
tissue—-equivalent gas (64.4 vol.% CH,, 32.4 vol.% COz, 3.2 vol.% N;). The transmission of
electrons in nitrogen and oxygen was studied in [3-5], and the transmission of electrons with
E > 2 keV in [6-8]. Slowing down in water vapor, nitrogen, and air was studied in [9-11], in
water .in the condensed state for E < 30 keV in [12], and in a tissue-equivalent material for
20 eV < E < 30 keV.  The accuracy of the cross sections used and the modeling method were 1
tested by comparing the calculated average values of the characteristics of the slowing down
process with experimental data. There are few such data for low-energy electrons. For this
reason an estimate of the quality of the modeling algorithm is closely related to the quality
of the cross sections used. The rather complete set of cross sections proposed in {13] per-
mits a satisfactory description of the spatial, angular, and energy characteristics of ‘elas-
tic and inelastic interactions of slow electrons with a tissue-equivalent material.

In the present article we calculate the average characteristics of the slowing down of
electrons in a tissue-—equivalent material, compare them with experimental data, and analyze
the possibility of employing the concepts of '"range" and "average loss of energy" per unit
path length in problems involving the transmission of low-energy electrons through matter.’
The parameters of the "tree" describing the transmission of an electron of energy E in a tis-

sue-equivalent material were modeled by the Monte Carlo method in accordance with data in
[13].

Suppose a narrow beam of No electrons per cm® per sec is incident normally along the z
axis on a plane layer of material of thickness Az. For any value of Az, N . f of the electrons
are reflected from the layer, N s are absorbed in the layer, and Ny, are transmitted through
the layer. Because of branching, the sum Nyof + Ngpg + Ny may be larger than No. We denote
by Kyefs Kabg, and k., respectively the backscattering, absorption, and transmission coeffi~
cients. Figure 1 compares our calculated dependence of k¢, on Az/Rss for a tissue-equivalent
material with experimental data [14] for a tissue-equivalent gas and with calculations [15]
for water vapor. At the present time the thickness of a layer Az = Rss for which ki, = 0.05
is conventionally considered to be equal to the " range" of nonrelativistic electrons. The
difference between the experimental and calculated values in Fig. 1 is due both to the approx-
imations in the calculations and to experimental errors. We note that for Az < 0.3Rss the
value of k¢, may be larger than unity because of branching of the electron trajectory.

Figure 2 shows Rss as a function of E together with experimental data fora tissue-equiv—
alent gas [14] and for a colloidal film [16]. Our results are in good agreement with data in
[16] over the whole energy range investigated, -and with data in [14] for -E > 100 eV. In the

" modeling of the transmission of electrons through a tissue-equivalent material with a density
of 1 g/cm®, the concept of a minimum mean free path Zo [13] of an electron before a collision
was used as a parameter approximately taking account of the phase state of the slowing-down
medium. Good agreement with data in [16] was obtained for lo, = 0.3 nm. For this reason our
calculated values of Res. for E < 100 eV are larger than the experimental .wvalues [14] obtained

Translated from Atomnaya Energiya, Vol. 56, No. 3, pp. 158-162, March, 1984, Original
article submitted July 12, 1983. .
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Az/Rg¢s for electrons of various energies: @, A, W) data from
[14] for a tissue-equivalent gas and E = 0.1, 0.5, and 2 keV,
respectively; ...) calculated values [15] for water vapor.
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Fig. 2. ) range Ros; O, mean length of '"tree" without
"branches''; o, mean length of "tree'" with "branches'"; D)

distance between point of entrance into material and point of
slowing down to 20 eV as functions of electron energy; A, @ )
‘experimental values of Re¢s for a tissue-equivalent gas and a

colloidal film [14, 16].

in the gaseous phase and formally reduced to a material density of ‘1 g/cm®. Figure 2 also
hows the energy dependence of the mean length of a " tree" with "branches' and without

" branches," from which it follows that branching is substantial in the range 0.2 < E < 6
eV. At h1gher energy the ratio of the mean length of the " branches' to. the total length

f a " tree" decreases, since the probability of substantial energy transfers in one colli-
ion is inversely proportional to the energy transfer. Figure 2 also shows Ropd (E), the aver-
ge distance between the point where the -electron is created and the point at which it has
een slowed down to E = 20 eV. The ratio Syp/Rend, Where Sy, is the average length of a
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" tree" without " branches" can be taken as a measure of the distortion of the trajectory.
For an increase of E to 1 keV, Syh/Repq decreases slowly from 2 to 1.8, and then to 1.25 as
E + 10 keV. For E > 30 keV the value of Swb 1s close to Res. Taking this into account, we
~an assume. that for E > 30 keV the continuous slowing-down approximation can be used to de-
“cribe the slowing-down of electrons to ~10 keV.

Data on the energy spectra of electrons reflected from a layer and those passing throug
it, and also on the spectra of the energy absorbed in the layer will be published in another
of our papers. Figure 3 shows only data on the average energy of reflected electrons Er g ¢/E
the average absorbed energy Eapg/E, and the average energy Ety/E of electrons behind the lay
er as functions of Az/Res for various E. For small Az/Res the electrons reflected from the
layer have experienced mainly only elastic collisions. The ratio Eref/E decreases with in-
Ccreasing energy. It is interesting that for Az/Res < 0.5 we can write

Eans/E = k(Az/Ros), @
where k is a constant approximately equal to unity.

It is clearly more convenient to calculate E,ps by the above relation than by using the
concept of average specific energy losses dE/dx. In the first place it was obtained from
detailed calculations of Eapgs taking account of all the fundamental processes characteriz-
ing the slowing down of electrons, and secondly, in Eq. (1) it was not assumed that all the
secondary electrons are absorbed at the point where they are created. Conventionally dE/dx
is defined as the integral over the differential cross sections for the interaction of charg
particles with matter. It is easy to measure dE/dx for heavy charged particles in experi-
ments with thin layers of slowing-down material, since in this case elastic scattering is un
important over a wide energy range, the particle trajectory is rectilinear, and the layer is
thick enough to absorb the § electrons. It is practically impossible to perform similar mea

- surements correctly for low energy electrons, although dE/dx has been calculated in various
approximations in a large number of papers, and values are recommended by the ICRU. To mea-

.sure dE/dx it is necessary to use a set of slowing-down films no thicker than 0.1Rss, to fin
the dependence of Ezpg on Az, and then to determine dE/dx.. Even under these conditions, how
ever, some of the electrons are reflected from the layer, and there is a high probability

of a large energy loss even in such thin layers. For Az/Rgs = 0.1 the value of ki of Teaches
10-15%.. The above assumptions are confirmed both experimentally [17] and by the values we
obtained in numerical experiments. We note in passing that the experimental values of dE/dx
in [16] were found by differentiating the relation Res(E), but no justification was given fo
their correspondence to the generally accepted definition. We obtained satisfactory agreement
of the results of our numerical experiment with the calculated values of dE/dx only by takin;
account of events with zero energy transfer, not taking account of events in which the energ:
transfer was more than 0.1E, and assuming that all the secondary electrons are absorbed in tt
layer. Thus, the use of the theoretical concept of dE/dx in determining the energy absorptic
of low-energy electrons in volumes of material with characteristic dimensions 1-1000 nm cannc
be considered admissible. Nevertheless, this concept is widely employed in biophysical mode:
ing of the radiation damage of cells and subcellular structures, and in other fields of sci-
ence,

In view of the large value of kpof(max kyer * 30%), the strong distortion of the trajec-
tories, and the presence of branching, it is inadvisable to use the concept of range (either
Res or R, 4, — the range in the continuous slowing-down approximation) to describe the slow-
ing down of low energy electrons in matter. For E < 10 keV the value of R¢s is unsuitable
even for rough estimates of the possibility of an electron reaching one or another point of
the medium when its initial direction of motion is known. This same conclusion can be drawn
concerning the concept of Roggs. It is useful in investigating the slowing down of heavy
charged particles and high energy electrons when a characteristic linear dimension of the re-

gionof strong distortion of the trajectory is much smaller than Regda

When an electron is completely stopped in matter, fijon ionized atoms and fiey excited
atoms are formed (fij,, and figx are random quantities). The average values nj,, and negx and
their variances (0j,n°2» oexz)l/2 are shown in Fig. 4 as functions of the electron energy.
For E > 100 eV the indicated parameters vary practically linearly with emergy. At E % 2 keV,
however, there is a deviation from linearity as a result of the fact that in this range the
cross sections for the ionization of the K shells of C, N, and O atoms reach a maximum, and
the contribution of Auger electrons is most promounced, although also insignificant. The
Fano factor shown in Fig. 4 is given by the formula
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Fig. 3. a) Average energy of electrons reflected from a plane lay-
er of tissue-equivalent material; b) average energy absorbéd. in
layer (bounded by dash—dot curves)' c) average energy of electrons
behind layer (bounded by dashed curves) as functions of Az/Res for
the following electron energies: @ ) 0.05; o ) 0.07; 0O) 0.1;

B ) 0.2; A) 0.3; 4) 0.5; ©) 0.7; ¢ ) 1.0; V) 2.0; Y) 5.0 keV.

. F: oizon/;h)ﬂ' » (2)

[he dashed .curve represents data from [18] for water vapor obtained by the Monte Carlo meth-
>d. The Fano factor characterizes the relative fluctuations of the number of ion pairs, and
or E > 200 eV it is practically independent of energy. It increases at lower energy, but
hould not be greater than 3/4 [19], which does not agree with data in [18] for which F ap-
roaches unity. -

. Figure 5 shows our calculated values of W = Wiy = E/E;on and experimental data for a
issue-equivalent gas [14, 20, 21]. The calculated values are in good agreement with data

in [14, 20}, but differ from the values in [21] for low E. This difference is accounted for
y the fact that we used a mixture of noninteracting atoms as a slowing-down medium, while a
issue-equivalent mixture of molecular gases was used in the experiments. The dash-dot curve
f Fig. 5 shows the values of W*, defined as <E/n > (average over events in which n = 1). In
his case as E decreases to the ionization potential, WX approaches zero; at E X 100 eV it is
aximum, and for E > 500 eV it practically coincides with W defined in the conventional _way
Fano factor is minimum). The dashed curve shows the dependence of the average energy Wax
pended per excitation of atoms of the medium. For E > 40 eV the value of Wox is practlcal—
y constant, and for E > 300 eV it is somewhat larger than W. We can write

| W == 8190 4 (Pex/Dion) €%; (3)
i Wt‘-x':.g?x'*' (Plon/Pex):"i:onv ' (4)
|

| 171

e  Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5



Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5

70° 105
6F . p 48
L 7=0 .
5: ‘ 345 N
& [ _ ﬁm -
2F 2,
»®
S0’ 1
N RS 38
o 6 sl
#r 44
2t 42
'70”:- o?
E ¥
X 36
3 -4
- - 3
B 12
=
=107k 40’
S4EN 38 -
AN ¥
g # [ =4, P
§ T kD N UL I .
[ 2 | a A _2
70" ol t o1 vl L1 ....ufo"

707 2 4 687102 2 ¢« 68107 2 4 64810
Electron energy, eV C

Fig. 4. Average number of ionizations Eion and excitations E;x
and their variances Oj.,,, J.x during the complete stopping of

an electron in a tissue-equivalent material (right-hand scale); F)
Fano factor; A) our calculation; ——--- ) data from [18]. The
curves in the upper part of the figure show the probability pp(E)
(n=1, ...,8) of the formation of n ion pairs when an electron

is completely stopped in matter.

",
%
80
P
50
5
i
0
z
70

’ 7 y el [P I T 1 Ln.'.h“
1w 2 ¢ 648100 2 4 5810 2 4 8w
Electron energy, eV

LI T B AL

Fig. 5. . —-) Average energy of ion formation W; ~-——~) average
energy for excitation; —e—e—) calculated values of W& = E/n ; A,
@®) experimental values of W cited in [14, 20] for a tissue-equiva-

lent gas; [0, ¢ ) data from [21] for a tissue-equivalent gas based
on methane and propane.

where E%on and E?x are, respectively the average energy expended per ionization and per ex-
citation (19.6 and 13.9 eV in the plateau region); _DPion and pex are the fractions of the tot
number of .inelastic collisions with energy losses 190 and €$X, respectively (0.527 and 0,47

in the plateau region). These relations are useful for analyzing the contributions to W and
Wex from various inelastic processes.
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The calculated average values of the characteristics of the slowing down of slow elec~
trons and the comparison with experimental data indicate- that the modeling algorithm described
in [13] is adequate for solving a wide range of radiation physics problems related to the cor-
rect description of the transmission of slow electrons. The use of the "range" and "average
specific energy loss" concepts in such problems is evidently inadmissible. ‘
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{EASUREMENT OF THE RATIO OF THE FISSION CROSS SECTIONS
)F *?°U AND ?°°U FOR NEUTRON- ENERGIES IN THE RANGE -
.4-10.4 MeV

A. A. Goverdovskii, B. D. Kuz'minov, UDC 539.185
V. F. Mitrofanov, A. I. Sergachev, '

S. M. Solov'ev, P. S. Soloshenkov,

and A. K. Gordyushin

The main raw material in making nuclear fuel is 2°°U, so that the nuclear constants of

his isotope must be known very reliably. 1In accordance with the international list of re-
uired nuclear data [1], the error in the ratio of the fission cross sections of 2°°U and

>0 nuclei (0%/0}) for reactor applications constitutes 2% with a. neutron energy of 5-10 MeV.
he disagreements in the results of measurements obtained in different.laboratories with neu-
ron energies exceeding 5 MeV reach 10-15%. This circumstance makes it necessary to obtain
dditional independent experimental data on o}/c}. : :

In this work, we measured the fission cross sections of - °U and 223U nuclei on the EGp—
OM electrostatic charge—exchange accelerator at the Physical Power Institute, operating in
he pulsed mode with a repetition frequency of 5 MHz. The average deuteron current on target

Translated from Atomnaya Energiya, Vol. 56, No. 3, pp. 162-164, March, 1984, Original
rticle submitted March 15, 1983. '
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TABLE 1. Isotopic Composition of Uranium
Targets- (%) and the Results of Measurements
of the Ratio of the Fission Cross Sections
of 2°°U and *°°U Nuclei with 7.3-MeV Neu-

trons*
5 8 | | ~
ao"g 2357 2387J 2387y g,”/ua -
& = ? 3
| ST=1
I
1 199,902:-0,001[0,004:0,0005| 0,02040,0005] — N
2 | 6.86420.0070,020-£0.002 (93 116+0.007 |0,583-£0,008 5
3 | 3/21320.010[0,0070.002 | 96,78-£0.01 [0,584£0.006] ‘
. l !

*Content of 2°°U and 2°“U is negligibly
small, :

TABLE 2. Results of Measurements of Fis-
sion Cross Section of *®®U and 2%°U Nuclei

Error, %
EpMeV | AEn, MeV | oo} | statisti-

cal total

5,44 0,15 0,491 - 0,83 1,56 .
5,64 0,14 0,521 1,03 1,69
5,89 0,14 0,548 1,00 1,68
6,14 0,13 0,575 0,90 1,59
6,38 0,12 0,597 0,89 1,59
6,50 0,12 0,601 0,8 .| 1,52
6,61 011 0,609 1,13 1,72
© 6,84 0,41 - 0,620 1,20 1,76
7,07 0,10 0,598 1,20 1,76
7,19 0,10 0,581 0,90 1,57
7,30 0,10 0,584 0,20 0,68
7,52 0,10 0,576 1,21 1,77
7,74 0,09 0,572 0,86 1,55
7,96 0,09 0,570 1,20 1,77
8,17 . 0,09 0,564 1,16 1,74
8,33 0,08 0,570 0,9 1,58
8,49 0,08 0,562 0,90 1,56
8,65 0,08 0,555 0,80 1,52
8,81 0,08 0,569 0,87 1,56
8,97 0,08 0,565 0,87 1,56
9,12 0,07 0,557 1,30 1,83
9,28 0,07 0,568 . 0,81 1,53
9,44 0,07 0,556 0.78 1,51
9,59 0,07 (1,560 0,80 1,52
9,80 0,07 0,559 1,05 1,67
10,00 0,07 0,578 0,85 1,55
10,41 0,06 0,567 1,05 1,67

was 1.2 uA with a current pulse duration of about 1 nsec. The reaction D(d, n) ’He served a
the source of neutrons. A gaseous deuterium target — a cylinder with a diameter of 10 mm an
a length of 40 mm — was used. The output window of the target was a-molybdenum foil 17 um
thick. A platinum foil with a surface demsity of 200 mg-cm'2 was fastened to the bottom of
‘the cylinder. The deuterium pressure in the target was 1.1810° Pa.

The fission fragments were recorded with a fast double ionization chamber. The target
foils consisting of the fissioning isotopes were placed orthogonally to the direction of the
neutron flow. The chamber was filled with argon with a 10% addition of carbon dioxide gas
at a pressure of 1.8¢10° Pa. The distance between the’ electrodes in the chamber was 2 mm.;f

' The conmstruction of the chamber included the necessity of decreasing the scattering material
to a minimum. In the measurements, we used layers of uranium oxide whose -thicknesses variec
from 200 to 500 1.1gocm"'2 on thin aluminum substrates. Jf

We simultaneously measured two temporal and two amplitude spectra of the fission fragm¢
pulses. The amplitude spectra of the pulses were used to determine the efficiency with whig¢
the fission fragments were recorded. The loss of counts created by the fission fragments i
the chamber constituted ~1%. The temporal spectra permitted separating out fission events;
due to the background neutrons. The ultimate temporal resolution was ~3 nsec. The transit/
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aseline of the neutrons (50 em) was chosen so as to achieve a maximum rate of fissioning in

he uranium targets while retaining the possibility of separating the primary.and background

eutron groups. The starting pulses were the current pulses created in the ionization cham-

er by the fission fragments. The stop signal entered from the output of the master oscilla-
or determining the frequency of the system forming the pulsed ion current.

In the course of the measurements, the 2°°U and *°°U targets were practically in an
dentical neutron flow. To eliminate the effects due to the finite distance between the
nd 235y layers and the blocking of one layer by the other, we performed the measurements
ith two positions of the chamber. In one position, the 238U layer was turned toward the
eutron source and in the other the *°°U layer was turmed toward the source. The results ob-
ained were averaged. In this case, the influence of kinematic effects on the efficiency
rlth which the fission fragments were recorded was likewise eliminated.

238U

We performed the measurements in two stages. The first stage involved the determlnatlon
f the energy dependence of the ratio of the fission cross sections of *2°U and *°°U. For
his, we used layers with high isotopic purity (99.99%). At the second stage we performed
he absolute normalization of the dependence obtained. In this case, the 238y target con- -
ained an impurity of *°°U nuclei. We determined the ratio of the numbers of *?°U and *°°U
wclei (n) in the target by a mass spectrometrical method. We determined the ratio of the
umber of 2?°U nuclei in the *?°U target and the number of nuclei in the pure *°°U target
‘rom the count of the fission acts in the thermal neutron flow. Taking into account the dif-
erence in the efficiency with which the fission fragments were recorded in the two chambers,

e can write:
doi=[ (%) () =tn

here ns,s is the number of fission acts in the 2350 and 2?%U layers in the flow of fast and
hermal neutrons. :

We performed the normalization with a neutron energy of E, = 7.3 MeV using two 238y

argets with different impurity concentrations of 223U nuclei (Table 1).

In analyzing the results of the meashrements, we took into account a number of effects,
shich either distorted the quantity being measured or decreased the reliability of the value
f oflof obtained: incomplete recording of fission acts due to the finite level of the ampli-
ude discrimination (8,) and the total stoppage of some of the fragments in the target itself
t 82); scattering of neutrons by the substrates of the targets (8s); scattering of neutrons by
structural parts of the chamber (8.); fissioning of impurity isotopes (8s); analysis of the
yeak of basic mneutrons on a temporal scale (8e¢); error in normalizing the curve of the energy
lependence of oflof 65).

» We present below the typical corrections (A) introduced into the final results and the
rrors corresponding to them (B), Z%:

A" B
& oo 1 0.74
8 o v i 0.5 0.05
& ... ... 0.05 <0.05
Y 045 <0.15
8 ... ... <0.1° <<0.1
& . - 0.1
8 . ... — 1.1

‘ The relative fraction of f13$1on events caused by background neutrons, forming as a re-
sult of the interaction of deuterons with the structural materials of the gaseous target,
7as determined experimentally in measurements with an empty target. It turned out to be
?egllglbly small. ‘

¢ The results of measurements of the ratios of the fission cross sections of *°°U and *°°U
wclei aré presented in Table 2.

o The results of this work and [2-7] are compared in Fig. 1. In the entire range of E
thestlgated, there is good agreement between the data obtained here and in [3, 7], with
the exception of some values of ¢ /o in the energy range 5.5-6 MeV. The results obtained
in this work are lower than the resufts in [6] and higher than the results in [3].in prac-
rically the entire energy range.

175

e Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5

60
of

0,50: | m;}q;ﬁ;‘a . | o °

L
@
&
_‘Q
q
»
<
s
RS
)
< .
J ___,_U“f
oi
— )
o—
—o— O
—.—
—ep01
Q) ——
4 p
5
Q
q 0
o

0551 oo&‘ v v g # .
| Oy v v
nﬂ:1
0501 &
. dv
L 1 | ! i L ! : | \
5 § 7 4 3 10 £, MeV

Fig. 1. Energy -dependence of the ratio of the fission cross
section of 2°®U and 2°°U nuclei: A) data from [2]; V) [3]; A)
[41; O ) [5]; o) [6]; O) [7];; @) this study.
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MEASUREMENT OF THE FISSION CROSS SECTION OF ?2°u AND *°°u
NUCLEI BY 14 MeV NEUTRONS

A. A. Goverdovskii, A. K. Gordyushin, UDC 539.185
B. D. Kuz'minov, A. I. Sergachev, ’ :
S. M. Solov'ev, and P. S. Soloshenkov

Experimental data on the cross section of fissioning of 238y nuclei by neutrons with en
ergies close to 14 MeV are of direct practical significance, and such dataare also critical
for testing theoretical models, because both equilibrium and nonequilibrium nuclear processe
are realized in this energy range. The data obtained by independent methods in different
laboratories permit judging objectively the reliability of the experimental results.

In this work, we measured the ratio of the fission cross sections of *°°U and *°°U nuc14
c%/cf in the energy range 13.8-14.7 MeV. The reaction T(d, n) “He served as the source of
néutrons. We obtained a pulsating beam of deuterons, accelerated to an energy of 250 keV,

.on the KG-0.3 accelerator.. The fission fragments were recorded with a double ionization

chamber; in which we positioned the *°°U and ?°°U targets. The total temporal resolution
with which the fission fragments were recorded constituted ~6 nsec. The background neutronq
were distinguished from the main group of neutrons according to their transit time. The dis
tance from the uranium targets up to the neutron source was 15 cm. To change the energy E ‘

Translated from Atommnaya fnergiya, Vol. 56, No. 3, pp. 164-165, March,'1984. Original ~
article submitted March 15, 1983.
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TABLE 1. Results of Measurements of the
Ratio of the Fission Cross Sections of
238y and 2°°U Nuclei :

: Error, %o

E,, MeV | AE, MeV 8/6% tep

n n ojlaf statisti total

cal

13,82 0,15 0,528 1,0 2,3
14,12 0,13 0,554 0,7 2,2
14,47 0,20 0,559 0,7 2,2
14,64 0,23 0,553 0,7 2,2
14,76 0,19 0,543 0,7 2,2_

6
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-Fig. 1. Ratio of ‘the fission cross sections of 2%°U and 23%U

nuclei with neutron energies close to 14 MeV: A) data in- [1];

8y [2]5 W) [31; V) [4]1; 0 ) [5); < ) [6]; O ) [7]; @) this
study.

f the neutrons. producing the fissioning of the nuclei, we performed the measurements at dif-
erent angles relative to the direction of motion of the deuterons.. We constantly monitored

he energy spectrum of the neutrons using a time—-of-flight spectrometer with a baseline of
m. We prepared the *°°U target from a material with an isotopic purity of 99,99%; the *°°y
arget had a *°°y impurity, whose quantity a = 7% was determined to within 1%, The thickness
f the targets constituted 0.4 mgecm™>. ' We determined the ratio of the numbers of 23°U and
®°U nuclei by weighing the targets in the flow of thermal neutrons using the data on the iso-
opic composition of *°°U target. We simultaneously measured the temporal and amplitude spec-
ra of the fission fragment counts, which permitted determining the efficiency with which the
ission fragments were recorded and .the contribution of the background meutrons, In measur-
ng the ratio of the numbers of events involving fissioning .of *°°U and *°°U nuclei, we placed
oth targets in practically identical neutron flow. Without taking into account the various
orrections the ratio of the fission cross sections of ?2°U and %2°U nuclei is deteérmined from

he expression
=Lz (2] ]

here ns,s is the number of fission events of nuclei in *°°U and *°®U targets in the fluxes
f fast and thermal neutrons.

The results of the measurements, together with a number of corrections, are presented
n Table 1. The corrections take into account the following effects: difference in the neu-
ron fluxes on the *°°U and *°°U targets.(6,); difference in the efficiencies with which the
ission fragments of *°°U and *°°U nuclei were recorded (8,); reliability of the determina-~
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tion of the ratio of the numbers of 2°°U and 22°U nuclei (83); difference in the abgorption
of fragments in layers due to angular distributions of fragments and motion of the center of
mass (8,); scattering of neutrons by the substrates of the targets (85); scattering of
neutrons by the structural elements of the chamber (8¢); error in analyzing the experimental
information (§,); background from reactions with emission of charged particles (8s).

We present below the corrections introduced into the results of the measurements (A) anc
the errors corresponding to them (B), 7%: ' .

vl

A B
By he e e . 4 0.2
By o . 10 1.4
63 ...... _— 1.5
Ba oo n 0.2 0.02
8 oo 0.04  0.004
S 0.05  0.005
B 0 S — <04 .
8 v v <0,00 <0,01

The results of this work and  the work of others [1-7] are compared in Fig. 1. The ex-
perimental data on the ratios of fission cross sections of 2%%U and *°°U nuclei in the energ
range 13.9-14.8 MeV, as a whole, indicate the existence of a plateau at the 0.55 level. In
the energy range 13.5-13.9 MeV, most results are concentrated near the value 0,53,
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"GAS TARGET" IN THE DIVERTOR OF A TOKAMAK

M. Z. Tokar' _ : _ UDC 621.039.667

|

Experiments on the PDX, ASDEX, and D-III tokamaks [1] have shown that the use of a di-
vertor is an effective means of combatting contamination of a plasma with nonhydrogen impur-
ities. In the ASDEX machine [2], for example, discharges were obtained in which the energy
lost through radiation by the impurities in the working volume of the tokamak did not exceed
10-15% of the power input into the discharge. Moreover, the main part of the thermal flux
moving through the separatrix into the divertor layer is carried into the divertor chamber.
In a fusion reactor the a particles and unburnt fuel which appear during the fusion reactior
(to maintain the required low concentration of helium ash it is necessary that the fuel inpu
substantially exceed the depletion [3]) will also be directed to the divertor.. '

_If the reactor thermal fluxes are completely removed to neutralization plates, technicé
difficulties should arise [4]. Hence the great interest in the divertor operating regime
realized in the ASDEX tokamak [5] and which has been dubbed a "gas target": On entering the
divertor, the thermal flux is substantially dissipated in the gas filling that fills the
evacuation chamber.

In this paper we propose a model for the description of processes‘occurring'in the di-
vertor. This model is a development of the one proposed earlier in [6] and permits a satis-
factory explanation of the distinctive features of discharge in ASDEX in gas-target regimes:

Translated from Atomnaya Energiya, Vol. 56, No. 3, pp. 165-172, March, 1984, Original
. article submitted August 5, 1983. ‘
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he model takes account of the broad spectrum of neutrals which enter the plasma from the
eutralization plates and from the evacuation chamber, makes allowance for the radiative re-
ombination of ions and electrons, makes a self-consistent determination of the characteris-
ic- size of the changes, the average values of the plasma density and temperature in the di-
ertor layer, etc. The calculations carried out in this paper show that such regimes with a
as target can be realized in a reactor under certain conditions. The numerical calculations
fere based on the divertor scheme given in Fig. 1. The conclusions can be generalized, how~
%ver, to more complex configurations (with segments with two open.surfaces in the evacuation
hamber, etc.).

| Neutrals. Neutrals, atoms and molecules, have a strong influence.on the plasma of the
livertor. As shown in [7], the plasma parameters depend essentially on the energy of the atoms
ntering it. The entire spectrum of neutrals present in the divertor of the tokamak must thus
e taken into account. One of the main causes of the neutrals is neutralization of the plasma
n the collector plates. The result of the interaction of ions or neutrals possessing an in-
tial energy € with the surface of a solid can be the following: reflection in the form of
{toms possessing an energy €', the probability R(e, e€') of this process also depending on the
ngle of incidence and the mass and atomic numbers of the incident particles and the target
toms [8]; adsorption, thermalization, and recombination of atoms and molecules (the probabil-
ty p of a molecule leaving the solid as a result of diffusion depends on the degree of its
éaturation with gas); and surface ionization of the neutrals and reflection of ions without
eutralization. At energy values of interest for consideration the. last processes are insig-
ificant.

In the plasma, molecules are ionized and dissociated into Franck—Condon atoms with an-
nergy ep 3-4 eV. In the case of ionization, molecular ions are formed, their motion in
he x direction being damped by the magnetic field. Henceforth, therefore, we assume that
he loss of neutral molecules leads directly to the formation of one-nuclear ions and Franck—
ondon atoms with isotropic velocity distribution fumctions. The fraction g'of the latter
epends on the plasma temperature. '

The surface and bulk recombination of charged particles, reflectlon of neutrals from the
eutralization plates and the walls of the evacuation chamber, charge exchange in ions, and
olecular decomposition result in a wide spectrum of atoms appearing in the plasma. Each
omponent of this spectrum is characterized by an average energy e.- Estimates show that in
he divertor plasma collisions between neutrals can be neglected and ¢ does not vary with the
assage of atoms and molecules of the plasma layer.

L At small angles o between the magnetic field and the plate the behavior of neutrals in
‘he divertor plasma can be described on the basis of one-dimensional kinetic equations for

he velocity distribution functions f (the coordinate § along the plate is cyclical;lvxazl}>

vyafl since vy and vy are of the same order of magnitude, and the ratio of the charac-

eristic dimensions of the variation of f along y and X is ~a). When integrated over vy and
£ these equations have the form

. : 1
vﬂ'ﬂ=—(k,+k2)nfm, ~ 1

o0

ol = Ut et O nfale) +oig [kt 3 | do viky (ot e') [ @) | + (bt ko) gn0gmms (2)

dx

— 00

here k; and k, are the ionization and dissociation coefficients of the neutral molecules,

s and k, are the ionization and charge-exchange coefficients of the atoms, ks is the radia-
ive recombination coefficient, €, is the average ion energy, and n_ is the molecular density.
[he distribution functions of the Franck—Condon atoms, formed in the decomposition of mole-
ules, and of the ions are assumed to be two-velocity distribution functions:

@1, £ = 8 (0 —Vi,F) +6 (v + Vip);
Va = V48a/3nm¢.

m
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Evacuation cham-
First wall

A

;

Fig, 1. Divertor scheme.

The validity of this approximation for ¢; was considered in [9]. For atoms and molecules,
entering the plasma from the plates from”the evacuation chamber, the distribution functions
are assumed to be one-velocity functions of vy. The solution of Eqs. (1) and (2) is sought
in the form : :
__Ana
m,a =

Am, o
V. a §(Vima + Vx)

G(le.a_vx) +

Vm. a

For atoms formed during charge exchange this approach is applicable if their range 1 = Vi/ne

s(ks + k) [9] is small in comparison with the characteristic si;e of the change Ot in thy
plasma temperature. The system of equations for the coefficients‘Aa,a is given in the Appen
dix (Sec. 1). The boundary conditions of Eqs. (Al) are determined from the matching of the
fluxes of charged and neutral particles on the plate (x = g = y tan a):

A7 (s, e)=A,(s) R(e,, e).+§ A5 (s, &)R(e’, &)

s » (3)
An@ =0 (426 +5{[1= SR 0] 46 + J[1-D ke )] 47 65, 0)}).

!

where p, is the desorption coefficient of the molecules for the conditions of the neutralizal
tion plate, Ai'is the flux of neutrals from the plate which are formed during the neutraliza-
tion of ions, and ep = €5 + ed is the energy of ions interacting with the plate, determined
with allowance for the acceleration of the ions under the effect of the floating potential.

In order to formulate the boundary conditions (1) and (2) for x = § we consider the be-
havior of neutrals in the evacuation chamber. Two limiting cases can be distinguished. The
first corresponds to the situation in which the density of molecules in the pumping chamber
is so high that the range of atoms leaving the plasma is small in comparison with the size
of the pumped space.  The atoms '"disappear" as a result of bulk recombination in the moleculJ

- and surface effects can be neglected. In this case the neutrals entering the plasma from the
evacuation chamber are represented mainly by molecules, whose density n; is determined by the
balance of particle ' -

: 8
2nRmy | [ 4%(8)+ 7 3 AT (5, ©) | ds = (Vin [S1 4 Sy + S0 (1 —pu)] + V), |
0 e _ : : . :

where S, and S_ are the areas of the surface of the plasma layer and the walls of the evacua-
tion chamber,'pw is the desorption coefficient of the molecules for the conditions of the
walls, and mo is the number of divertor chambers. We have also allowed for the fact that gaé
from the evacuation chamber can also be pumped off by pumps or can enter the discharge cham-,
" ber of the tokamak if the width of the plasma layer is small ‘in comparison with the width of
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the divertor "neck' or if some sort of by-pass channels exist. The effective volume pumping
rate by the pumps (with allowance for hydraulic drag) and the cross section of the by—pass
channels are denoted by V and Sys respectively. :

The boundary conditions (Al) in the given case have the form
A7 (6, &) =0; A (8)=ntV . : o (4)

The oppésite limiting case, in which the range of the atoms is 1afge in comparison with
the size of the evacuation chamber, is considered in the Appendix (Sec 2).

Plasma. The plasma is described separately for the divertor volume and the main part
of the divertor layer with subsequent joining at the boundary between them. -As shown by
estimates, in the divertor volume for a large range of parameters cross transfers of heat
and plasma particles due to diffusion and thermal condition can be neglected. The hydrodynam-
ic equations for the plasma in this case, on the whole, have the form

- mnqyd M(V”1Vb]zz—-E]kuﬁnV“+kyﬁ%Vw; o o ‘7(5)
e-—,éei ) _
vV .
sin ‘7’;_yll :n[nmz (1 —g) By Fo) +Fy D) n,';——ksn] : _ (6)
N :
. 0g _ -
sing 5.t =» [ 3 relki(e—e0) + ko (e— 1)) —np (K, Loty (Iy - T — ke (2, +1, )il =Qum, (D
£
where nf = Sfa(e)dvxv I, and I, are " chains™ of ionization (with allowance for exc1ta—

tion) of atoms and molecules, I and I are the dlssoc1at10n energies of molecules and molecu—
lar ions, respectively, Qipis tgezspeclflc radiated power of the impurities q“ = —sin waST/B

and ¥ is the angle between the magnetic field and the planes y = const. Here and in what fol-
lows the plasma is considered to be isothermal and to have the temperature T. In this case the
main contribution to %ll is made by the longitudinal electronic thermal conductivity and the
speed of ionic sound is' V_ = /ZT/m In the derivation of Eq. (5) we have taken account of
the fact that " friction is absent between the plasma and atoms formed during charge ex-
change. The boundary conditions of Eqs. (5)-(7) for x = s (at the plate) are determined by
the relations [10 11]

Vi(s)=Vg qy (s)=nV, (8)12-5(ae +a;) T+ e®], ’ (8)

here the coefficients Ge,i take account of a possible anomaly (due to secondary effects) of
heat transfer to the surface of the plate.

The fluxes of the heat Qo and the plasma particles in the divertor are given,

2nRm, S L(y= 0) sinpdz =%}'"%V"L, 7 . €))

here Jo is the flow of gas admitted into the tokamak or of the unburnt fuel in the reactor.

The .unidimensionality of Eqs. (5)=~(7) means that in the divertor the profiles of the
plasma density and temperature in the planes y = const should be similar to the profiles in
the plane y = 0 formed by transport processes in the main part of the divertor layer, outside
the divertor chamber. In this paper we assume that here the plasma does not significantly
interact with the limiters and the first wall and there are no volume sources and drains of
eat and charged particles, perhaps with the exception of strongly localized regions of gas
influx. In this case the state of -the plasma is described by the heat and continuity equa-
tions in the form

(-t () -0
(10)

-0,

d (__ r?n) v,
az

Bxr 1 oz
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where z is the coordinate along the magnetic field (z = 0 corresponds to the symmetry plane
and z = zo corresponds to the divertor " neck" O0A). In Eq. (10) we have assumed that the

heat transfer along the magnetic field in the main part of the divertor layer occurs mainly
as a consequence of heat conduction and that the velocity of plasma flow is small in compar-
ison with the sound velocity. The validity of these assumptions at the reactor parameters

was theoretically substantiated in many papers [12, 13, 14]. In present-day machines. such

regimes are also realized [1, 5, 15]. When V|| << Vg the equation of plasma motion reduces

to the condition that the pressure be constan along the magnetic field,

onT/9z=0, o ’ , (11)

In the first approximatlon the solution of Egqs. (10) and (11) will be sought in the for
n =n.(2)6(x); T = Tg(z)n(x), where ng and Ty are the plasma parameters in the separatri:
8) and the- functlons 0(x) and n(x) have the form of "steps": 6(x'<<6 ) =1, 6(x >68_)
‘0,v n(x <9 ) =1, and n(x > § ) . The parameters §, n,T are assigned t Bhe 1 meaning of the
characterlstlc dimensions of the changes in theplasma density and temperature across the di-
. vertor layer.. The boundary condition for the functions n _(z) and Tg (2) follows from the sy
metry conditions for z = 0 and the contlnulty of the plasma parameters for z = 2z,

Ts
Te=0; T,e)=Te; n,(z)=ra

where T4 and.nd are the temperature and density of the plasma in the divertor.

Assuming that theestimates 3n/93x(0) » ng/én and 3T/3x(0) = T o/ 81 are valid for the gradi-
ents of the parameters of the plasma at the separatrix, we 1ntegrate Eqs. (10) and (11) with
allowance for Eq. (9). As a result we obtain expressions for_T » Dg, and 5n,T’

o[ gl [ f ]

— nde R \
O (12)
1
2 |
____§0__ s dz .
8= ToFzsevn ) MeDLoo |
S, ¢ ' | '
= _0_ S T ', i’. , 13

where So is the area of the separatrix magnetic surface, ql is the specific thermal flux,
DS and %} are the coefficients of diffusion and thermal conductivity of plasma across the ma
netic field in the separatr1X'xJ__ aoD¥ , A =1//m e“A_ A is the Coulomb logarithm.

The parameters n4 and Td should be determined from the solution of Egs. (5)-(7) in the
divertor volume. In this paper we consider the case when the length of the force lines of
the magnetic field from the entry into the divertor to the neutralization plates is not very
large and the plasma parameters vary little along the field in the divertor. The legitimacy
of such assumptions was also confirmed by analytic consideration [12] as well as by numerica
calculations [13, 14]. 1In this case the right-hand and left-hand parts of Eqs. (6) and (7)
can be integrated over the volume of the divertor (see Fig. 1); when conditions (8) and (9)
‘are used this gives algebraic equations which relate ngq and T4 to other parameters and un-
knowns. In view of the cumbersome nature of the expressions, we give only the relation whlc
is obtalned by the integration of Eq. (6):

ctg @b

Jo 2 S+ 1) V- 2R {sin pnaV,h — S [ 2A+(8)+2 AF (8, e) |y} =o,

where
=V 2T4/m;; A = min (§,, 87).

Henceforth in comparing the. results of calculation with data from experiments on the -
ASDEX tokamak we use the parameter (n), the mean plasma density in the tokamak The relatio
between J,o and {(n) is derived in the Appendix (Sec. 3)
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Discussion of Results. The model presented was used as the basis to calculate the pa-

rameters of divertor plasma in the ASDEX tokamak. The constants of.the elementary processes
used in the calculations are given in the Appendix (Sec. 4). The following geometric charac-
teristics were adopted [5]: mo = 4, R = 1.5 m, ¢ = 12°, S7 = 10 m?, Sp =1 m?, S; = 50 m?,
So = 26 m*, zo = 9 m. The estimates show that bulk recombination of atoms in tha evacuation
chamber is characteristic of ASDEX. Under experimental conditions the degree of recycling
of molecules was regulated by a change in the rate of titanium sputtering. The maximum sur-
face pumping rate was 10° liters/sec [5], which is in satisfactory agreement with the esti-
mates for p on the basis of the mechanism of physical reflection (pw,;a().97).

Calculations were carried out for p_ =1 and p._ = 0.97. We assumed a uniform distribu-
tion of the thermal flux in the separatrix and neglected secondary effects on the plates and
"impurity radiation in the divertor [2]: qS(z) = const = Qo/So, ode,i =1, Qip = 0. The coef-
ficient of plasma diffusion in the main part of the divertor layer is of the Bohm type for
a magnetic field of 2.7 T that is characteristic of ASDEX: D, = 2.3107% T (eV) m?/sec, qo =
5. For the peripheral region of the discharge inside the separatrix, where neutrals are ion-
ized, we took a diffusion coefficient which does not depend on the plasma parameters and is
‘equal to 0.4 m?/sec {5]. '

Figure 2 gives the plasma parameters in the divertor as a function of the average plasma
density in the tokamak for a thermal flux of 2.5 MW through the separatrix, which corresponds
to a discharge in ASDEX with neutral injection [15]. The dependence of the distribution of
the thermal flux entering the divertor by different channels (into the evacuation chamber and
‘only the neutralization plates) is given in Fig. 3. According to the experimental results of
[5, 15] when the values of (n) are high enough a gas—target regime is realized in the diver-
tor: The thermal flux is dissipated mainly in the evacuation chamber. Qualitatively, this
result can be explained as follows. The range of charge-exchange neutrals (I = Vi/n¢E3(k3 +
ks) in the ASDEX regime under consideration becomes equal to the width of the divertor when
Tq * 7 eV. With a further decrease in T4 as (n) increases . grows sharply since ks ~ VT exp
[-13.6/T (eV)], and the plasma becomes transparent to atoms. This leads to an abrupt drop
in the efficiency of convective heat transfer onto the neutralization plates, owing to the
'ionizationclfthe recycled neutrals. The main cause of the energy efflux is dissipation, in
the molecular gas, of the energy of Franck—Condon atoms formed during the dissociation of
molecules for which -the plasma is not yet transparent. Energy transfer by neutrals upon in-
teraction with the plates is inefficient since at such a low energy the reflection coefficients
are close to unity. With a further increase in (#) the value of T, is lowered to the disso-
ciation energy of the molecules and the rate at which Franck—Condon atoms is created drops
abruptly.. A further decrease in T4 thus requires a large increase in the flow of incoming
gas, which ensures transport of the thermal flux. This, as a rule, leads to the development
of the tearing instability [15].

The results of the theory and the experimental data differ substantially for low values
of (r). This can apparently be attributed to the fact that with a decrease in (n) there is
a decrease in the fraction of energy of the injected beam of neutrals that is conveyed to the
plasma, which was not taken into account in our model. The theoretical dependence of the
average plasma temperature at the separatrix and the characteristic transverse size of its
change on Qo, which was found theoretically, is in agreement with experiment,

In calculations for the divertor of the reactor-tokamak parameters corresponding to

the INTOR machine were adopted [3]: mo = 2, R = 5.5 m®, S0 = 300 m*, S, = 20 m®, zo = 40 m.
The diffusion in the divertor layer is of the Bohm type D. = 0.0125 T (eV) m®/sec, p = 1. The
plasma parameters in the divertor as a function of the flux Jo are given in Fig. 5 for differ-
ent values of the evacuation rate V (Qo = 100 MW) of the pumps. Figures. 6 and 7 demonstrate
the Jo-dependence of the distribution, over the different channels in the evacuation chamber
and on the plates of the thermal flux entering the divertor and the average plasma tempera-
ture on the separatrix. In accordance with the results of [6] under certain conditions there
exists a region of variation of Jo in which the plasma parameters are not determined uniquely.
This indicates the instability of the divertor operation: An increase in Jo leads to an abrupt
transition of the divertor plasma to a state with a low temperature and high density.

It follows from the calculations that with the reactor parameters as well a gas-target
regime is possible in a tokamak divertor. The transition to this regime, however, occurs at
a substantially lower plasma temperature in %he divertor than for ASDEX. The explanation for

this is that the integrated plasma density S;;dx in the divertor for the reactor is almost
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Fig. 2. Plasma denéity'and temperature in the divertor as a function of the average
plasma density during discharge in ASDEX: a) evacuation by pumps; b) gettering of

surface of evacuation chamber;

) theory;

) experiment [5].

Fig. 3. Distribution of the thermal flux entering the ASDEX divertor by different
channels: 1) convective thermal flux on plate; 2) total energy flux in the evacua-
tion chamber; 3) heat transfer by neutrals into the evacuation chamber; 4) radiation.
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Fig. 4. Average plasma temperature at the separatrix and width of the temperature
profile as a function of the thermal flux and the divertor of the ASDEX tokamak
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5. Plasma density and tempefature in the reactor divertor as a function of Jo
= 10® (1), 3¢10® (2), and 10° liters/sec (3). '

Fig. 6.>-Distribution of the thermal flux in the reactor diver-
tor: 1) convective heat flow to plate; 2) radiation; 3) heat trans-
fer by neutrals in the evacuation chamber (V = 3¢10% liters/sec).
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Fig. 8. Width of divertor layer in re-
actor as a function of Jo (notation as
i, in Fig. 7).
|
.
two orders of magnitude higher than the analogous value for ASDEX and the divertor plasma be-
comes transparent to atoms when Ty < 1 eV. We point out that at such-a low temperature a sig-
nificant contribution to the energy balance of the divertor is made by recombination radiationm.
In the gas—target regime the plasma density in the divertor (- 10®* m®) turns out to be compat-—

ible with a medium density at the separatrix (n < 6¢10'° m®) because of the temperature gra-
dient along the magnetic field. ' : .

As a result of the calculations carried out we have established that the characteristic
width A of the divertor layer of plasma is determined mainly by the width 87 of the tempera-
ture profile. This is because the plasma flow velocity (which is small in comparison with
the ionic sound velocity) along the magnetic field at the entrance into the divertor is re-
sponsible for the characteristic size of the change in the density profile across the field,
‘this change being substantially greater than for V| * Vs' The last approximation was used
earlier in the calculation of the divertor layers [3, 7, 11], which yielded &, = VDlzo/VS.

‘The dependence of A on Jo is shown in Fig. 8.

‘ Thus, as shown by the calculations carried out in this paper, it is possible in the di-
vertor of a reactor-tokamak ‘to have a gas—target regime in which the ‘thermal flux entering
the divertor is dissipated mainly in the evacuation chamber. An increase in the surface of
the plasma layer facing the evacuation space apparently should ease the conditions for the
realization of such a regime. In this case the inhomogeneity of the plasma parameters in
lthe divertor space along the magnetic field becomes significant and the object of the discus-
sion below is to take this into account.

| In conclusion, the author expresses his heartfelt thanks- to A. V. Nedospasov for his

‘attention to this paper.
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APPENDIX
] .
‘1. The introduction of the variable =0 j n(z')dr’ , where 6, is a'quantity having
the dimension of cross section, and substitution of the adopted form of (Fi L9 and £ . into

"Eqs. (1) and (2) allows these equations to be reduced to a system of ordinary dlfferentlal
equations in the: coefficients A¥ :
m,a

dAL/du=+ 2, AZ;
- | o | (a1)
. | | |
ddz (e)ldu =t 245 () F {3 gor [AS () + A7 )]+ VonJh(e—e) T g2 (Ah+-A7) h(e—tg)
e ’ ’ . ' ' i

where

Zy = (kl + kz)/Vme zz (1"3 + ’%)/l Oy Y=
= k,,/vecro, r = k200, h(25£0) =0, k (0) = 1,

2. If the range of the neutrals is large in comparlson with_the size of the evacuation
chamber and if collisions between neutrals can be neglected, molecules and atoms formed duri:
reflection of neutrals from the walls of the evacuated space will enter the plasma. Taking
‘the staged nature of the reflection processes into account, we have :

A;(s, e)—,sz-:g Sd 2A+(6 3){1;'“(8, g) 4+ ——t S,-|-S ERw(E,g) ]} ;. o
5 | |

An (9)= e (asf{at®)+ . @D
S:+Sb+sw(1—l’w)+V/Vm_u S : o

+-;—2A,f(6,e){i—-ZH“’(e,'e')(i e ZH"’("’*’ J)}}

.where R¥ (e, e') is the reflection coefficient for the conditions of the divertor chamber
walls. : :

3. When gas is admitted into the periphery of the discharge only a part f of the strea
of gas, and not all of it, enters into the separatrix because of ionization in the divertor
layer. For a first wall that ideally reflects neutrals we can get

f = exp (—zhuo) + 2, [oxp (— FJug) —exp (—zhtio)] + (a3)
2, {d exp (—23u0) — Bexp (— ziptg) + Cexp (— zy),

where

Uy = gy A'ns, Z; == g*z*z/(zm — z3 )r 3 =
= 22,525 2 = =V (& — y) = 1/GE — 2%,
C =1/(z¢ — z‘,2).andA =BC (z,,. — %)

the asterisk labels plasma parameters at the separatrix after the point of ges entry. To
determine the plasma density at the boundary of the totally ionized region iriside the separ-
atrix we use the results of [16] in the first approximation. With the notation adopted we -
have

Sz SoA100

- : :
2 p K — z
."o= [(é‘ " i’i) 4:B+(2+ﬁ) (Jo+20mV mSs) _{2 1 i,*: oxp (— z;uo) +—z:,; exp (— 2z u) — (a4)

. ___exp (—‘zmuo) 43, ( exp (-;-sz‘J u) ; exp (“——*z?pzo) +6 exp (—z,‘nuo)) }]1/(2+B)

2}
z m
¢
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In the derivation of Eq. (A4) it was assumed that in the region under consideration D;l='A,nB
‘We shall find the relation between no and (n). In the center of the tokamak discharge the
profile of the plasma density is determined by the equality of the particle fluxes owing to
anomalous diffusion and pinch effect and has a parabolic form [17): n=3/2 (n) (1 —r*/a®).
The radius ro of the magnetic surface on which n * no is determined by the condition (a —
"To)noo * 1, where o * 10™!® p? is the characteristic cross section for the processes with the
participation of neutrals. Bearing in mind that the plasma filament in a tokamak is practi-
cally always opaque to neutrals (neoa >> 1), we get

n, =~ V 3 (n)loa. ' (45)

4. The constants of the elementary processes were obtained by approximation of the
graphical dependences given in [14]:

(]

\
|
\
}
\

—0.76.10-1 _V.Texp (—154/T) I'm® 1 .
ky=0,76-10 10,0057 sEJ

ky== 10714 exp (— 4.5/T) [_’J (T < 10ev);

ky =0.73.10-1s VT exp (—13.6/7) EE

1+4+0.017 sec

k‘=0_87.10—4 (€+8,-)”3 %J .

—15.10-18p-1.2[md | .
ky=1.5.10-18T an

g=1—0.5-exp(—10/T).

The combinations with R(e; €') appearing in Eqs. (3) and (A2) can be expressed in terms of
R, (e) =§R(€, €'); Rg(e) = %}R(e, €') e'/e. For R,
data of [8]. In the case of the normal incidence of particles of the surface we have
Ry (e) = 1/[14 3.7 (e/e, )04,
Ry (e)=1/[1+9 (e/er)05],

where €, = 30.8(M; + M) lez(zzl/3 + Z§/3)1/3/M2 (eV), M;,» are the mass nurbers, and Z,,,
are the atomic numbers of the incident particles and the atoms of the target, respectively.

and RE the formulas are matched to the
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LETTERS TO THE EDITOR

Yy RADIATION FIELD GENERATED BY NEUTRONS IN AN UNBOUNDED
UNIFORM AIR MEDIUM o

A. V. Zhemerev | | - UDC 539.122.04

It is well known that the propagation of y radiation in air is accompanied by various
physical effects, for example, glowing of the air [1-3], Compton electron currents [4], oscil
lating electromagnetic fields [5], and others. The spatial-temporal characteristics of the -
y-radiation field are of interest in the investigation of these effects. For pulsed monoen-
ergetic sources of y radiation these characteristics have been investigated in detail with

" the help of the Monte Carlo method and interpolated analytically by the dependences in [6].
The absorbed y-radiation energy and the Compton electron current caused by the y radiatiom,
which is initiated by neutroms in an unbounded uniform air medium from a point pulsed isotrop
ic monoenergetic source of neutrons with an energy of approximately 10 MeV, are calculated in
this paper by the Monte Carlo method. , :

The. absorbed y-radiation energy and thé.Compton electron current are related to the neu-
tron distribution function N(r, e, t) by the following relationships:

ot )= S dev D) S AN (s e 1) 3 () I [Eg(e) | r—1' |, t—1F; (1)
i . T
Ie(r, )= S dev 2 S drN(r', e, t')EZ;(e) e [E;(e), |r—1" |, t—1'}cos ¥, . _ (2)
where t = t' + |[r —x'|/c; cos ¥ =x* — (x, r') /x|’ —x|; vande are the velocity and energy

of the neutrons, zi(s) is the macroscopic cross section of the i-th reaction of a neutron wit
nuclei of the air atoms leading to the production of a y quantum with energy Ej(e), I, (E, r,
t) and Ie(E, r, t) are the absorbed energy and the Compton electron current from a point
prompt isotropic source of y quanta with energy E, and t' and r' are the time and place of
production of the y quantum, respectively. The summation over i in the expressions (1) and
(2) runs over all possible reactions. It has been assumed in writing the expressions (1) and
{(2) that the indicatrix of emergence of a y-~quantum is spherically symmetric.

The values of Ij(e) for a neutron energy <l MeV depend on the neutron energy according
to a 1/v law [7], and it has proven possible to calculate analytically the expressions 1)
and (2) [8]. At a higher energy (>4 MeV) various reactions accompanied by y radiation are
possible whose cross sections depend in a complicated way on the neutron energy (the depend-.
ence of the mean energy Ey and the probability of emergence P of a y quantum upon the colli-
sion of a neutron with nuclei of air atoms is shown in Fig. 1 as a function of the neutron
energy e); therefore, the expressions (1) and (2) can be calculated only by the Monte Carlo
method. :

One can describe the quantities I,(E, r, t) and Ie(E, r, t) by the following function:

1€, 7, =22t AEN (¢ i) 41 (gl t—ri 3)
. 'where A(E) is the mean. free path of a y-quantum with energy E until Compton scattering,
g1(t) = §(t) is the temporal dependence of the contribution from unscattered. y radiation,

gz(r, t) is the same thing for scattered radiation with S g t)dt=1, and f(r) is the
: ] 7

contribution from the scattered y radiation of a steady source. The characteristic time of
variation of the function g.(r, t) is approximately 0.3-0.5 usec [6]; therefore if one di-

gresses from clarifications of the details of the front of the quantities (1) and (2) with a
time less than 1 psec (the minimal scale of subdivision of the time interval in a calculatio

Translated from Atommaya ﬁnergiya, Vol. 56, No. 3, pp. 173-175, March, 1984. Original
article submitted November 26, 1982,
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by the Monte Carlo method), one can neglect the temporal expansion of the scattered y radia-
tion and assume .that gz(r, t) = 8(t). In addition the characteristic time of variation of
the distribution function of neutrons which have undergone several collisions is determined
by the ratio /v, where 7 and v are the mean free path and velocity of the retarded neutrom,
which amounts to around several psec, which also justifies the approximation used.

In what follows we shall adopt the following approximate relationships for :the functions
I1,(E, r, t) and Ie(E, r, t):

To (E, T, ‘)=Wﬁ(t—dc); , (%)

I (E, r, t)= p.(E)l(Elz:::f:;r/k“)S(i—r/c), . ‘ - (5)

where u(E) is the mean cosine of emergence of a Compton electron knocked out by a vy quaﬂtum
with energy E. L(E) is the shift of a Compton electron with energy E -[4]. 2 £ = A(E) E/E,

£f£ ~
is the effective mean.free-path of the y quantum, and E, is the mean energy o% the knocked-
out Compton electron.

L

. The neutron distribution function N(r, €, t) and the functionals (1) and (2) associated
‘with it were calculated by the Monte Carlo method with account taken of the expressions (4)
and (5) for monoenergetic sources of neutrons with the initial energy 6.8, 10, 12, and 14
MeV. The system of neutron constants is taken from [7] . The computation program is written
'in the FORTRAN language for a BESM-6 computer., Simulation of the history of a neutron was
terminated when it reached an energy of 4 MeV. A total of 40,000 histories were considered
in each alternative. The probable error did not exceed 5-10% in 3-4 mean. free paths T
(3~ = 300 m is the effective mean free path of a y-quantum with energy 1 MeV for air of
normal density) and increased to 15-20% at large distances.

The results of numefical'calculétionsuby the Monte Carlo method werevrépresented in the
following form: ' '

I (e =20 f0 @) ga o0

(6)

L@ =" e 0 - | ) B ¢))

where x = ur and t = puc(t — r/c). The function f(x) describes the characteristics of thée y-
‘radiation field from a steady source, and g(x, 1) describes the smearing of the pulse in time.
The functions f£(x) and g(x, 1) satisfy the normalization conditions ..

f(@)dz=4; _ ’ : : ®

Sty §

Sg(r, dr=1. : R : ©)
| 4

The calculations have shown that the function g(x, 1) can be represented with a high degree
of accuracy in the form :

1 " T _ :
£ D=y O [—w@ ] - (10)
where (1(x)) is determined by the ékpression »
{x (:))=S dvig (z,}r) / S,dtg (C » ' (1,1)
T o :

and is calculated by'the Monte Carlo method. The accuracy of the expression (10) is 11lus-

oo

trated by Fig. 2, in which the dependence ia(T)‘==S I, (, ) 4urtdr/Ey and the function (10)
: o v

corresponding to it calculated by the Monte Carlo method are présehted for a source of neu-
trons with an initial energy of 14 MeV ({(1) = 8.66). '

189

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5




Declassified and Approved For Release 2013/09/14 -

Fig. 1. Dependence on the neutron energy ¢ of (a) the mean en-
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ergy Ez and (b) the probability of emergence P of a y-quantum
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Fig. 2.

the solid curve denotes

- (10).
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Dependence of the absorbed energy i
togram denotes the calculation by the Monte Carlo method, and

TABLE 1. Functions fa(x)l and fe(x)

out upon the collision of a neutron with nuclei of air

on time: the his-

"‘the calculation according to formula

CIA-RDP10-02196R000300040003-5

The calculated values of f,(x), fe(x),
and 2 for various x; fa(x) and fe(x) are interpolated in the Bergerov form:

190

(T (3» , and (%, (z))

are presented in Tables 1

8, Interpolation : Lunctions *
MeV coefficients 1 9 3 ‘ 5 o 8 0
14 Ey=3,04 MeV fa 0,24210,19410,119( 0,0675 | 0,0369 | 0,0199 | 0,00591 | 0,00180
' le=4,99 m fe 0,25710,233 0,156 | 0,0939 | 0,0540 | 0,0303 | 0,00939 | 0,00293
12 Ey=2,67 MeV fa 0,2410,19310,119| 0,0681 | 0,0369 | 0,0201 | 0,00597 | 0,00184
le=4,39 m fe 0,25810,23210,456| 0,0936 | 0,0540 | 0,0303 | 0,00942 | 0,00298
10 Ey==2,43 MeV fa 0,238(0,19310,120] 0,0684 | 0,0375 | 0,0204 | 0,00600 | 0,00182
e —=3,98 M fe 0,2580,23310,156| 0,0942 | 0,0543 | 0,0306 | 0,00957 | 0,00296
8 Ey=1,92MeV fa 0,267]0,192{0,113| 0,0615 | 0,0327 | 0,0475 | 0,00498 | 0,00148
le=3,23m fe 0,28710,23210,146| 0,0837 | 0,0465 | 0,0257 | 0,00771 | 0,00234
6 Ey=0,55 MeV fa 0,28410,19010,103| 0,0507 | 0,0241 | 0,0113 | 0,00259 | 0,000648
l,=0,779m fe 0,32140,23410,134| 0,0702 | 0,035 | 0,0174 | 0,00432 | 0,00111
TABLE 2. Functions (1,4(x)) and {tg(x))
> x
§ Mean
o | time 1 2 3 4 5 6 8 | 10
14 217(1) 4,62|7,74| 9,99/11,6 12,4 {12,8{12,6[12,1
Te) |2,87}5,48| 7,59 9,31[10,5 [11,0{11,5}11,1
12 Te) |4,48)8,05[10.4 [12,2 112,9 [43,4{43,3[13,1
Te) |2,97|5,72| 7,98 9,66/10,9 {41,6]12,4]42,1
10 t.) |4,9218,30]10,8 12,7 13,7 |14,2]|14,0(13,0
Tey |3,0515,78( 8,19| 9,98|11,2 [412,2{12,7|12,3
8 T.) |4,82|7,93[10,1 |11,6 |12,3 |12,7]414,7[10,5
T.) (3,1t]5,68] 7,70 9,07| 9,98|/10,5(10,7{10,4
6 1q0) |5,33(9,23(12,5 |14,8 |16,1 |16,6(15,7 (14,7
{ve) {3.36|6,33( 8,99|11,1 |12,4 |13,1(413,3 (41,9
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TABLE 3. Inteipolation Coefficients for the
Absorbed Energy and the Compton Electron
Current [formula (12)]

4, | B, | ¢, | P, | A, R ¢ D

bt

14 10,91510,39612,622|0,78010,1721 0,396 0,492 0,780
12 10,91510,396 2,622 (0,780 0,472 |0 396 0,49210,780
10 10,953 10,396 2,730 0,7800,191 0, ,3601 0,516 0,756
810,52710,108)0,660]0,73210,199{0 4’%‘) 0,49210,852
6]0,595(0,14410,732{0,876 0,258 0,504 ] 0,588 | 0,948

TABLE 4. Interpolation Coefficients for
the Mean Time of the Absorbed Energy and
the Compton Electron Current [formula

(14)]
‘E Ya | %a|%a| “%a| %al “1e | “2e|%3e| %e | “be
14 10,269] 21 |0,9]0,30]0,02{0,370, 6 10,9{0.05 | 0,03
12 10,437} 12 (0,9(0,25} 0,030,403 6 |0,9/0,05 | 0,03
10 10,433] 12 10,9]0,20{0,03}40,4101 6 [0,9(0,05 | 0,03
8 10,350| 18 {0,9]0,351}0, 03 0,337, 910,910,150 0’%
6 [0,490] 12 {0,9]0,20|0,03}0198] 18 0.9 |0 125] 0,015
f (x)=A4 exp (— Cz)+ Br exp (-- Dz). ' ('12')

Che 1nterp01at10n coeff1c1ents are selected from.the condltlon of minimization of the func-
-ion

0=

8 .
N U1 ] - (13)

==t

oof =

nd normalization of the expression (8); (t5(x)) and (1o(x)) are interpolated in the form of
fractional-rational function

1-}a,z+agz? '
(v(@)=0a, Taﬁ;‘iﬁ‘ : . (14)

ith the minimization condition (13). The calculated interpolation coefficients are present-
d in Tables 3 and 4. The accuracy of interpolation of the computational results of the

unctions (6) and (7) 1s no worse than the probable error of the calculations by the Monte
arlo method.

We. shall compare the results obtained with the results of calculations .of the character-
stics of the y-radiation field initiated by a source of neutrons with energy <4 MeV [8].

e mean energy of the y radiation. formed upon .the capture of neutrons with energy <4 MeV is
qual to 0.43 MeV [9], but the characteristic time during which the emission of a y quantum
ccurs is approximately equal to the lifetime of neutrons in air (0.06 sec). Thus the power
f the emitted vy radiation is 0.43 MeV/0.06 sec * 7 MeV/sec, which is less by far than the
ower of the y radiation resulting from the deceleration of a neutron with enmergy ~10 MeV
for example, for a source of neutrons with energy 14 MeV the power of the ¥y radiatlon ini-
iated is equal to (3.04/8.66)+10° = 3, 50105 MeV/sec]
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~ DETERMINING THE DENSITY OF PYROCARBON COATINGS ON MICROPINS
BY GASIFICATION IN A GLOW DISCHARGE

A. A. Babad-Zakhryapin and I. S. Alekseeva UDC 533.924:620.18:661.666

A micropin usually receives several layers of pyrocarbon (PC) differing in density, and
each layer is usually stratified. Therefore, one can usually speak only of a certain averag
density of the coating, which is governed by the density of each component and by the poros-
ity. ‘

The chemical activities of the components are dependent mainly on the lattice disorder.
Therefore, gasification (oxidation) can be used to determine the density. Oxygenis activat-
ed in the positive column of a glow discharge, and this greatly accelerates the gasificatic
which enables one to measure the densities of pyrocarbon coatings (without intermediate SiC
layers) on micropins. The gasification of pyrocarbon in unactivated oxygen at 30-50°C and
low pressures has a negligibly small rate, so the presence of deeper pores does not influenc
the gasification in the glow discharge, where-only the porosity of the surface layer is im-
portant.

Therefore, one can measure the gasification rate in a glow discharge to determine the
densities of PC coating components, as well as the densities of the corresponding layers. Us
is often made of differences in chemical activity in the components of PC coatings in rela-
tion to oxygen to determine the amount of the most disordered component by measuring the
change in pH in a water suspension containing a ground specimen of the PC coating [1].

The structural compoments in a layer of the coating may firstly influence the gasifica-
tion of the PC coatings, which can be used in identifying them, and secondly it enables one
to determine the average density. For this purpose it is sufficient to use a standard methoc
[2] to measure the gasification rate for the PC coating layer without removal from the mi-
cropin. In particular, kinetic curves for the mass loss can be used. A single micropin is
used in the first case. There is a change in the slope of the kinetic curve on going from
one component to another differing in activity. On the whole, the curve takes the form of a
kinked line, with each part corresponding to one component.

In the second case, one uses a batch of pins (200-250) with identical layer thicknesses
in the PC coating. The mass changes in the various components are averaged, and the slope
of the resulting curve will be determined by the averaged activity and the porosity, i.e.,
‘one can- judge the average density of the corresponding PC layer. If standards with the same
structure and a known density are used, one can employ the slope of the gasification curve
to determine the absolute density.

This method has been used to determine. the density of a one-layer PC coating on model
micropins with cores of zirconium carbide of diameter 0.5 mm. Table 1 gives the thickness,
density as determined from the poured mass, optical and isotropy coefficient, and depositior
conditions. The gasification for a batch of micropins was performed in the positive column
of a glow discharge at an air pressure of 150 Pa. The running voltage was 7000 V, while th
discharge current was 2 mA. The micropin temperature during gasification did not exceed
50°C. The pins were periodically removed from the discharge chamber for diameter and mass
measurement. ’

" Translated from Atomnaya Energiya, Voi. 56, No. 3, pp. 175-176, March, 1984. Original
article submitted April 15, 1983.
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Figure 1 shows kinetic curves for the mass loss, together with the analogous curve 4
for isotropic pyrocarbon of density 2.1 g/cm®. The more rapld gasification of the PC coat-
ings indicates that their density was less than 2.1 g/cm®. The gasification curves for batch~
:es 2 and 3 each consist of two rectilinear parts with different slopes. This indicates a
lower density in the peripheral parts of the PC coating, with a density step between one lay-
er and the other. Microstructural examination confirmed that there were zones differing in
density (Fig. 2).

The coating in batch 1 was of identical density throughout the thickness. Curves 2 and
3 of Fig. 1 provide information on the relative amounts of the different layers in the PC coat-
ings if the gasification is complete. 1In that case, the ordinate intercepts corresponding to
the straight-line parts define the relative contents of the components. For example, for
batch 3 the ratio between the low-density and higher-density components was 1:1.

The equal-density coating on batch 1 was used to find the absolute densities of these
PC coatings. The density of this standard was determined from p = P/V, where P is the mass
of the PC coating removed during complete gasification, and V is the volume of the PC coating
falculated from the size change: V = 4/3n(r} — r3).

The error in the resulting density is defined by
' Ap/p=AP/P —2Ar/r,

where AP is the weighing error, r is radius, and Ar is the error in measuring the radius.

With AP = 0.001 mg and Ar = 10 um, the overall error is #5%, i.e., the coating density was
2.0 £ 0.1 g/cm®. On the assumption thatthe slope of the rectilinear part of the gasification
curve is linearly related to the PC demsity, we found the densities for the various layers

in batches 2 and 3 (Table 1). It is evident that the densities of the PC coating in batches

2 and 3, as determined from the poured density, somewhat exceed the mean value calculated from
the densities of the individual layers.

TABLE 1. Deposition Conditions and Proper-
ties of PC Coatings

g Density, g/cm?
| . .‘% g5 from gasifi -
| Deposltzon = | % ¥ Jeation
B temp,, °C oy < 8 5
!q atch (medium '%0 g E : 2z '
heptane) E AR EZ2| 59|3B
) Sg|c8 |g8|55|ES
1 1250 70 1,09 2,0 | 2,0 —
2 1320 80 1,06 1,51 141 1,7
, 3 1450 250 1,03 1,01 0,8 ] 1,1
10
o~ 6 B
;
=T

-%frof
S
N\
N
\\\
N\
\

Fig. 1. Micropin mass change as a function of time on gasifica-
tion in a glow-discharge positive column (the numbers on the

|
‘ 4 7 ] 2 7, h
curves are the numbers of the batches in Table 1).
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Fig. 2. Photomicrograph of a micropin from
batch 3 (Table 1) with PC coating consisting
of two zones differing in density (x100).

The - information provided by this method for the density distribution is extremely impor-
tant and cannot be derived by any other method, since data on the density of each layer can
be used to characterize the parts,
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GRAPHITE CAPSULES FOR ACCOMMODATING INDICATORS OF THE TEMPERATURE
AND THE NEUTRON FLUX IN IRRADIATION UNITS

T. N. Shurshakova, V. V. Gundorov, UDC 536.51+4+621.039+539.2:539.12.04
and K. V. Grigor'eva ‘

When samples are irradiated in various irradiation units of reactors, the temperature
and the neutron flux must be known. In certain cases the design of .irradiation units does not
allow external communication or experimental conditions require utilization of sealed tubes |
so that measurements of temperature with thermocouples are not possible. For these goals ‘

temperature determinations with the aid of diamond indicators are most widely employed.

The operation of the indicators is based on the expansion of the crystal lattice of dia-
mond upon neutron irradiation. During isochronous thermal annealing of the irradiated diamor
at a temperature below the .temperature at irradiation, the crystal lattice parameter does nol
change. Its restoration begins once the temperature of the irradiation has been exceeded.
The inflection point on the linear dependence of the lattice parameter upon the temperature
of annealing corresponds to the temperature of irradiationm.

Powder. of natural diamond with a grain size of 20-14 um (type AM—20) is used as the in-
dicator. The range of the temperatures which can be measured is 100-1000°C, -and the accurac:
of the measurements is +10-15°C. The highest admissible heating rate of the indicator is
100 deg/sec. A diamond indicator is a cylindrical capsule (see Fig. la) of stainless steel
with a length of 5 mm, a diameter of 1 mm, and a wall thickness of 0.4 mm (V. I. Karpukhin
and V. A. Nikolaenko, "Temperature Measurements with the Aid of Irradiated Diamond" [in Rus-
sian], Atomizdat, Moscow, 1971). The capsule is filled so that the height of the diamond
powder column is 3.5 mm. The filled capsule is closed with a metal plug and then roll- forgq
then the jacket is squeezed at the point of the probe and welded up. .

Such a capsule is not without shortcomings. Among these shortcomings are thie complicat
‘manufacture and the possible destruction of the tube (usually at the point of welding) becau

Translated from Atomnaya Energiya, Vol. 56, No. 3, p. 177, March, 1984, Original arti-
cle submitted April 18, 1983; resubmitted October 25, 1983. :

194 © 0038-531X/84/5603 0194308.50 © 1984-Plenum Publishing Corporation

Declassified and Apprdved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5



Declassified and Approved Fdr Release 2013/09/14 : C|A-RDP10-02196R000‘300Q40700I3-52\
45 10 L B :

0.5

as o 0
ORI ATHERU NI

L
ST DN N AN ‘C)« PSSR
21

M4

7
b
Fig. 1. Design of a capsule for ir-

‘radiating indicators of a) steel and . S,
b) graphite. (Dimensions in mn. )

the steel becomes brittle during prolonged neutron exposure at high temperatures. Further-
‘more, since the material of the capsule is highly activated after theirradiation, disassem—
bling the capsule requires equipment for shielding the worker from radioactive radiations.
The capsules are opened by cutting on a machine tool. This is rather laborious particularly
when the cutting is made by remote control in a shielded box. ' : '

These shortcomings are overcome when graphite is used for manufacturing the capsules.
Since graphite is only activated, the capsules can be disassembled without using remotely
controlled insturments and practically without radiation shielding. The dimensions of a
graphite capsule correspond to a "standard" sample used in metallurgical irradiation work -
(diameter 6 mm and length 40 mm). Therefore the capsule can be placed into irradiation units
with the gaps used for standard samples. Through the use of fine-grained high-strength '
graphite (e.g., MPG graphite), the integrity of the capsule can be maintained at high irra-
diation temperatures and under high neutron fluxes. . '

The design of ‘a graphite capsule is rather simple (see Fig. 1b) and such a capsule is
less laborious to manufacture. The capsule consists of two sections which are separated
by a 3-mm-thick connecting portion. The diamond powder for measuring the irradiation tem
perature is poured into the smaller section. Adequate sealing is obtained by a screwed-in
‘graphite lid. This simplifies the design of the capsule and makes roll forging and welding
unnecessary; no machine tool is required for cutting after the irradiation of -the capsule.
Detectors for measuring the neutron flux can be housed in the second cavity of the capsule
with the larger volume. After the irradiation, the samples in the capsule can be easily re-
moved by unscrewing and the temperature and neutron-flux indicators can be taken out.
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- RADIATION-INDUCED CHANGES IN THE THERMAL CONDUCTIVITY
AND THE ELECTRICAL RESISTIVITY OF PYROLYTIC GRAPHITE

Yu. S. Virgil'ev and I. A, Dmitriev , ’ UDC 621.039.532,21

Radiation-induced changes in the physical properties of various brands of Russian con-
struction graphite have been extensively investigated in the last few years. These investi-
gations helped to determine the dependence of the relative change in the. thermal conductivity
of GMZ graphite upon . the neutron flux in the interval of 10'%-2.5¢10%% neutrons/cm®* and at
an irradiation temperature of 340-1200°K [1]. Since these relative changes are not given by
the material but depend upon the neutron flux .and the temperature [2], the relative changes
apply to various modifications of this graphite which are obtained by varying the number of
compacting impregnations by pitch and the temperatre of graphitization. This applies also td
several other graphites produced with the conventional electrode technology.

We present in this work the results of measurements of -the thermal conductivity of an-
other type of carbon material comprised of anisotropic pyrolytic graphite (PG), obtained by
precipitation from the gas phase at 2400°K and irradiated at 320-340° and 870-970°K with a
flux of up to 4.4¢10%! neutrons/cm®. The thermal conductivity and the electrical resistivity

were measured at 300 * 5°K in planes parallel and perpendicular to the direction of precipi-
tation.

The properties of the pyrolytic graphite samples examined before their irradiation are
listed below: : : :

density (E/M3). & v v v v i v e e e e e e e e e e e e e e e e e . 2.14-2.17
lattice parameter (mm) in the direction of the ¢ axis ., . . . . . . 0.6862
size (nm) of the crystallites: '
in the direction of the caxis . . . . . . . . . . . . . .. . 13.5
in the direction of thegaxis . . . . . . . . . . . .« . . . 195
thermal conductivity (W/(meK))
in parallel direction . . . . ¢« « 4 v o + + ¢ 4 o« s « o+ o . 895
in perpendicular direction . . . . < + ¢ ¢ ¢+ 4 4 4 oo e e s o0 . 2.2
specific electrical resistivity (10=° Qem) A : I
in parallel direction. . . & + v o ¢« o &+ ¢ v 0 o o o o o 0 o . b '

in perpendicular direction . . « « « + ¢« 4 4 e 4 o o e e . . . 46300

It follows from the above data that the crystal structure of the pyrolytic graphite is.
quite imperfect and that the properties are highly anisotropic: The anisotropy of the materia
is 40 with respect to its thermal conductivity and reaches 135 with respect to the electrica
resistivity.

" The thermal conductivity [1] was measured with the technique of an axial thermal flux
on samples with the dimensions 5 x 5 x 10 mm or on cylinders with a diameter of 5-4 mm and a
height of 6-10 mm. In this way we could use the samples which are usually employed in ra-
diation testing. The total relative error did not exceed 10% in the measurements of the them
al conductivity and 2% in the temperature measurements. The results of the measurements wer
used to construct (see Fig. 1) the dependence of the relative thermal resistivity of the pyr
graphite upon the neutron flux for the irradiation temperature indicated:

) AK/K:-(Aim'_:/Ain-()_ir
where Ajnq and Aj,, denote the thermal conductivity before and after the irradiation. We
list for comparison the corresponding dependence of GMZ graphite [1]. It follows from Fig.

that the relative change in the thermal resistivity of pyrographite in the direction perpen-
dicular to the plane of precipitation (which characterizes the dominant position of the crys;
[

*Heré and below, the flux is indicated for neutrons with E >0.18 MeV.

Translated from Atomnaya fnergiya, Vol. 56, No. 3, pp. 177-178, March, 1984, Original
article submitted April 18, 1983. ‘ .
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TABLE 1. Neutron-Flux Dependence of the
Specific Electrical Resistivity of Pyroly-
tic Graphite in Directions Parallel and
Perpendicular to the Plane of Precipitation
(irradiation at 870-970°K)

Neutron ﬂux'z(lo21 Py, 1078 @umy- P, 1078 - m)
neutrons/cm?)
0 4,7 6300
0,9 33 3000
2,2 47 3500
3,0 43 3200
3,6 25 4300
rd
7/
10 - 1~
; F 4
- / . PR
- 4:/
§ - //A v
S 7k v #

; - v
i 2 ,
: v ’

27 podta ol Loortanld [N R

* 1070 70% 7047 10

£, (neutrons/cm?)
Fig. 1. Neutron-flux dependence of the relative thermal resis--
tance at 300°K of pyrographite samples (obtained at 2400°K) in
| ~ directions (A) parallel and (Y, V) perpendicular to the plane
of precipitation at various irradiation temperatures: 1) 320-
340°K (V), 2) 820-920°K (¥, &) ; ———- ‘indicates data for GMZ
graphite at the temperatures indicated [1].

allographic ¢ axis) increases considerably even at a flux in excess of 10*° neutrons/cm and
does not stabilize but increases by a factor of 12 at a flux .>1.6¢10%° neutrons/cm?®. - The .
/K values turn out to be smaller than those of reactor graphite irradiated at the same
emperature. '

At an irradiation temperature of 870-970°K, the thermal resistance of the pyrographite
ecreases and therefore AK/K = 1.5-2 with a flux of 4¢10?! neutrons/cm®. Also in this case
he AK/K value of pyrographite is lower in the plane perpendicular to the direction of precip-
itation than in reactor graphite. In the direction which is parallel to the plane of. precipi-
ation, the AK/K values of pyrographite and GMZ graphite practically coincide, This confirms
he previously established fact [2] that the relative change in the thermal conductivity does
ot depend upon the initial properties of the material irradiated.

Since at increasing temperatures the measurements of the thermal conductivity of nonir-
adiated graphite lead to lower values but those on irradiated graphite to higher values, we
lay assume that the thermal conductivity must be practically unchanged in the case of pyro-
ytic graphite irradiation at temperatures above 1200~-1300°K [3].

After measuring the thermal conductivity of pyrolytic graphite samples irradiated at
70-970°K, the samples were used to estimate the specific electrical resistivity (see Table
). Though owing to the small dimensions and the inhomogeneity of the samples the precision
f the measurements was low, an increase in the electric resistivity of pyrolytic graphite
an be clearly recognized in the direction which is parallel to the plane of precipitation.
is increase substantially exceeds that observed in the case of GMZ graphite because the
elative change in the electrical resistivity is inversely proportional to the absolute val-
e of the electrical resistivity of the nonirradiated material [3]. In the direction perpen-
icular to the plane of precipitation and parallel to the. crystallographic c axis, the Ap/p
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values are ﬁegative and reach 0.5-1.1. This decrease in the electrical resistivity was ex~
»plained in [4]) by a part1a1 closing of the Mrozovskii fissures
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PRELIMINARY FILTERING OF THE RESULTS OF MEASUREMENTS
~ PERFORMED IN EXPLORATORY GAMMA-LOGGING

I. M. Khaikovich and V. N. Popov ' uDnc 550.83}539.166.3:681.11

When using digital recordings of gamma logging (GL) data, the choice of the optimum
step A; of depth quantization and the inclusion of the peculiarities of the procedure used
to interpret the results of the measurements are important factors. We shall examine these
problems from the point of view of increasing the accuracy of the solution of the inverse
problem of GL. .It is evident that with a small quantization step A,, which is used in mea-
,surements, the results of GL will be strongly affected by statistical fluctuations. Large
values of A; will cause considerable distortion of the starting signal and, as a result, loj
of detail in the solution of the inverse problem. As is well known [1], the optimum quantij
‘tion step A for the inverse problem of GL (the "interpretation step") equals 10 cm. Let
J(x) be the measured signal. We obtain the following expression for the distribution of th

density of elements along the axis of the well: l

_ . p
q(z)= ) Bunj(z+kd), » _ (1]
R s

where j(x) = J(x)/K; K is the scaling factor; B, are coefficients determined by the construq
tion of the well and the well intrumentation absorbing and scattering properties of the roc}

N .
and of the flushing liquid. Here > Bi>1 and the variance q(x)
. : h=—N . ' !

Blo’ | (2]

=

ogg
h=ZN

. . N : ,
increases by a factor of > B+ 1in comparison with the variance of the measured signal

o2, . k=—N
J

To decrease the effect of noise and to increase the stability of the solution of the if
verse problem of GL, the signal J(x) must first be filtered. Since in GL the signal by its
nature is discrete, it is natural to use for th1s purpose a linear discrete filter

m () = 2 bij (z+AyD), | (3]
="M : : .
1
where m(x) are the filtered values of the signal J(x) and by are the coefficients of the fi]
ter N

ok

N

" . . ) ) 1.
Translated from Atomnaya fnergiya, Vol. 56, No. 3, pp. 179-180, March, 1984, Origina%
article submitted March 18, 1983,
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Such a filter, as shown in [2], decreases the noise level by a factor of ¢ if its coef~-
ficients by are determined by the solution of the system of equations

2 buins )bk =0, ja) n=0, £ 1, ooy kM .
= | | . (%)

where ' l=-M

‘ | Ui im= {1 @180 1 @4 nt) as,

m
!and the parameter A determines the deviation of zﬂ by from 1.
w =M
With a prefiltered signal, instead of expression (1), we obtain the following expression
lfor the density distribution Q(x)

Q(x)= z B(F)m (z - KkA). (5)

h=_N

It follows from Eqs. (3) and (5) that in this case

S‘ (B(F))z 2 bzcr; . (6)
I=—M '
Thus, the quantity
N v " . -
B= 3 (B 2 b - (7
h=-N l=-M ) o

can serve as a criterion of the quality of the preliminary filtering of the signal, measured
ith a quantization step 4; < A = 10 cm. Evidently, the smaller B? the more stable the in-
verse problem of logging will be. By changlng the value of X it is possible to find the so-
lution of the system (4) for which B? in Eq. (7) will be minimum.

We shall demonstrate the advantage of the preliminary filtering of the measured signal
u31ng Eq. (3) over direct averaging with a quantization step of 10 cm. The values of by (I =
0, 1, 2,...,7) obtained as indicated, as a result of solving the system (4) for the gamma-
anomaly over an ore stratum with a thickness of 10 cm with A; = 2.5 cm, rock density p = 3
g/cm®, and well diameter 6 cm equals 0.3371; 0.2689; 0.1197; —0.0058; —0.0474; —0.0232;
0.0078; 0.0114. The value of B? in expression (7) for the optimum filter (B;pt.f constitutes

. 7 )
1.99 [;27”? = 0.3; 2 (Bm)z— 6. 79] . For a filter with a square-shaped characteristic at four

points for which b., = b-; = bo = by =.0.25 B* (B},) in expression (7) equals 3.1 [Z b}

=2

0. 25, 2 (B‘F)) =12. 4-] i.e., f/Bopt £ = 1.55. Calculations with a step of A; = 2.5 cmshow that
h=~7 R .

hen the diameter of the well changes from 6 to 20 cm and the density changes from 1.5 to

3 g/cm®, the ratio B2 /Bo ¢ f changes by a factor of from 1.5 to 1.8.

Thus the use of optimum filtering with a step size A; = 2.5 cm decreases the variance
f the demsity Q(x) sought compared with the use of a moving average filter almost by a fac~
tor of twb, which is also confirmed by data from mathematical modeling. At the same time, as A,
increases up to 5 cm filtering according to Eq. (3) provides practically no advantage. -

Aside from the decrease in the average error of the results of interpretation, record-
ing GL data with a step size A, = 2.5 cm and subsequent optimum filtering permits greatly
increasing the accuracy of the interpretation of the ore intervals of small thickness due
to the more accurate analysis of the results of measurements. Based on the filtered gamma
field, sections are separated out between neighboring minima. The "scaling" is done through

199

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5
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Depth, m

Fig. 1. Results of interpretation of the starting density dis-

tribution of radioactive elements 1.3; 2,2; 0.8; 0.4; 1.8; 0.35;
1.1; 3.5 in accordance with the depth of local extrema according
to the filtered signal (a) and with a displacement of the "scal-
ing" by A/2 from local peaks in the gamma field (b).

the ‘local maximum of each section retaining within each section a quantization step of 10 cm,
i.e., in the algorithm (5) the values m(x,) with a step A are used so that one of them coin~
cides with the local maximum of the anomaiy of the gamma field in each section. The results
of the interpretation according to separate sections are combined, The displacement of the
"scaling" within the limits of 10 cm practically does not distort the value of the linear re-
serve . (metropercent). . » :

. Experience in using the program realizing the filtering algorithm (3) and the combina-
-tion of results of the interpretation based on separate sections indicates that this method |
excludes errors introduced by the variation of the initial position of the well instrumenta~
tion, and also decreases by more than an order of magnitude the absolute values of the ™ nege
tive' contents, arising near the boundaries of the ore body and the enclesing rock. Figure 1]
shows an example of the work based on the program realizing optimal filtering and the inter-
pretation with respect to sections between the neighboring minima as well as using the progr
realizing the algorithm (1), with random " scaling” of the gamma anomaly (not in terms of the
local maximum) . . ‘ ' i

The results presented show the undoubted advantage of encoding the GL with a step less
by an integer number of times than the quantization step used in the interpretation (10 cm).
In addition, a considerable gain is achieved for A/A, > 4, The use of a quantization step
A1 < 2.5 cm is not expedient due to the increase in volume of recorded information and due
to the difficulty of ensuring adequate accuracy of measurement of small quantization steps.
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CALIBRATION OF INDIVIDUAL DOSIMETERS BY THE ABSORBED
DOSE OF PHOTON RADIATION

Yu. P. Bakulin, V. P. Bashmakov, E. A. Bogdanov, UDC 539.1.08
T. I. Gimadova, N. I. Muratov, and A. V. Tultaev i ~

At the present time, in order to obtain an indirect indication of a radiation dose re-
ceived by personnel, individual dosimeters calibrated in units of the exposure dose are used.
The error in these estimates does not satisfy the requirements on the accuracy of measure-
ments of the absorbed dose. It is well known that error in measurement of the absorbed dose
by an individual dosimeter at the depth of the maximum or average value of the absorbed dose
as well as in some organ of the human body is determined by the calibration error, the class
of the apparatus, the dependence of its sensitivity on the energy of the radiation and other

parameters. For dosimeters used simultaneously to measure small and large doses of radiation
- (for example, during gamma therapy or for estimating the ionizing action on personnel in ac-
cidents) with doses exceeding 50 rad (1 rad = 0.01 Gy), the error of the measurements must not

exceed 10%Z [1]. This requirement is dictated by the nature of radiation change in tissues,
organs, and in the entire human organism {2].

: Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040003-5
|

In [3] a method is proposed for calibrating individual dosimeters in units of the ab-
sorbed dose. The essence of the method (Fig. 1) is as follows: The individual dosimeter be-
ing calibrated is placed on the front surface of a standard tissue-equivalent phantom in a
field of a collimated beam of monodirectional and gamma. radiation .from °°Co. The indications
on the dosimeter being calibrated are assigned the value of the absorbed dose measured by a

standard dosimeter with a miniature ionization chamber placed at adepth in the phantom where
the absorbed dose is maximum.

The proposed method suffers from a significant drawback which has not previously been
noted. The absorbed ‘dose in the organ of interest can be measured with the indicated error
if the distribution of the dose in the body of the individual is known and if the position of
the individual, dosimeter, and source of radiation corresponds exactly to the conditions of
calibration (see Fig. 1). 1In this case, we can talk about a single-valued relation between
‘the indications of the dosimeter and the distribution of the dose in the body. In any o6ther
‘position of the body relative to the direction of radiation propagation, when the dosimeter .
falls in the ' shade"™ of the radiation (Fig. 2), the uniqueness of the relation between the
indications of the dosimeter and the distribution of dosage in the body breaks down, which
‘leads to the appearance of the: neglected systematic error in determining the absorbed dose.

The uncertainty, which destroys the uniqueness of the dosage distribution and of the
indications of the dosimeter, arises, in particular, due to the barrier effect, which is
manifest as a jumplike change in the absorbed dose on the '"shaded" surface of the irradiated
object. Taking this into account, we compared the indications of different types of individu-
al dosimeters and of a standard VA—J—18 dosimeter (placed on the front and "shaded" surfaces
of the tissue-equivalent phantom). We used a VA—J—18 dosimeter with a miniature thimble cham-
ber, whose inner and outer diameters were 6 and 3 mm, respectively. We determined the metro-
logical characteristics with comparative measurements of the absorbed dose with a dosimeter
and a standard calorimeter in graphite and tissue~equivalent phantoms. The dependence of the
ratios of the indications of the calorimeter and of the VA—J—18 dosimeter on the depth of the
phantom irradiated by monodirected radiation from °°Co remains constant to within 3%. The er-
ror of the calibration of the chamber according to the calorimeter does not exceed 5% [4].

The indications of the different individual dosimeters were compared with the standard
A—J—18 dosimeter according to the scheme in Fig. 1. We placed individual dosimeters on the
front surface of the irradiated muscle tissue-equivalent phantom with dimensions 30 x 30 x
20. cm. The center of the chamber of the standard dosimeter placed in the cavity of the phan-
tom was displaced from its surface by 5 mm. We measured the absorbed dose in fields of radi-

Translated from AtoﬁnayaJﬁnergiya, Vol. 56, No. 3, pp. 180~181, March, 1984. Original
rticle submitted June 6, 1983,
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TABLE 1. Ratio of Indications of Individ-
uals and Standard Dosimeters on the £
"Shaded" Surface of the Phantom

Type of dosimeter .
[
Effective Computed | 2
energy, keV | values Tl | 2
ilAle B g !
Sle x| 3
50Co (~ 1 MeV)Y 0,84[6,7] (),85 0,860, 0,85 10,83 §
131Cs(~0,5MeV)| 0,79 [6,7] B R RNt e : |
120 — 0 67 0,65(0,65( 0,69 {0,70 o
100 0,60(7,8] |0 ()8 0,65¢0,63} 0,65 |0,69 -
82 — )()8 0,6210,60{ 0,67 |0,70
50 — 0,6510,56{0,58( 0,61 0,71
4 — 0,66f — | — 10,70 |0,76 2
1. 2 3 :
3,
— d
- '
7 __ 9
E /// '
Vs
Fig. 1 ‘ ' Fig. 2

Fig. 1. Scheme for calibrating individual dosimeters on the front surface of a phan-

tom: 1) individual dosimeter; 2) ionization chamber of standard dosimeter; 3) tissue-
equivalent phantom.

Fig. 2. Scheme of comparative measurements of the dose absorbed by individual dosim-
eters and the standard dosimeter on the "shaded" surface of the phantom: 1) individu-

al dosimeter; 2) ionization chamber of the standard dos1meter, 3) tissue~equivalent
phantom.

ation from ®°Co and x-ray radiation from the RUM-17 apparatus with d1fferent filters and vol—
tages on the tube.

Next, we ‘measured the absorbed dose on the "shaded" surface of the phantom (see Fig. 2).
The energy characteristics of the photon radiation were the same as in the first experiment.
The thickness of the phantom varied, but constittuted not less than two mean free photon path
lengths. The ratio of the indications of ‘individual and standard dosimeters remained con-
stant with the indicated thickness of the phantom. The results of the measurements are pre-
sented in Table 1. For comparison, the third column shows the ratios of the indications of
the standard chamber on the surface of the phantom and inside it. The ratio of the indica-
tions of the individual and standard dosimeters with measurements on the front surface of
the phantom are adopted as the basic unit. The table also shows the computed values of the
coefficients corrected for the barrier effect, obtained starting from the accumulation factor
for an infinite or semiinfinite and barrier geometry [5-8].

N |
Comparative control measurements of the dose absorbed by the standard and individual
dosimeters in the free (without a phantom) geometry with attachments ensuring electronic
. equilibrium, taking into account normalization, showed identical dosage values.

The data obtained lead to the. following conclusion.

There is a sharp decrease of the absorbed dose on the '"shaded" surface of the irradiated
phantom (on the side from which the incident radiation exists), confirming the barrier effect
and destroying the uniqueness of the dependence of the dosage distribution over the depth of:
the phantom and the indications of dosimeters with different dependences of the sen31t1vity B
on the energy of the radiation.:
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Taking into account the wide range of the energy spectrum of radiation sources, as well
s the uncertainty in the mutual position of the body with individual dosimeters and the direc-
ion of propagation of the radiation, the values of the dose absorbed by the body, measured
y dosimeters calibrated according to the method proposed in [3], will be systematically un-
erestimated by more than 20-307%.
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COMPARATIVE INVESTIGATION OF THE PROCESS OF DEFECT FORMATION IN
Si0; UNDER GAMMA AND GAMMA—NEUTRON IRRADIATION

I. Kh. Abdukadyrova ' UDC 666.192:535.342

Earlier [1] we began investigation of the processes of radiation-induced defect forma-
tion which occur in Si0., with a view to refining and extending the dosimetric capabilities
of this material. To solve the problem of reactor dosimetry and to determine the influence
of impurities and the form of radiation on the rate at which plates are colored, we chose to
investigate two grades of fused Si0, (KSG and KI) subjected to the action of °°Co Y rays and
y-neutron radiation from a VVR—SM reactor.. : : '

. Before and after irradiation of the Si0, we took the spectra of optical absorption in
the ultraviolet region of the spectrum at a wavelength A = 200-300 nm. The variation of the
reduced optical density AJ/d of the KSG plates for A = 215 nm after large doses of y rays
(10° < D, < 2¢10° Gy) is shown in Fig. la. It is seen that in the range D_< 0.5 MGy the
transparency of the plates changes only slightly. The transparency is obsdrved to decrease
appreciably when D, <3 MGy and the specimen is decolored when D, = 100 MGy. This experiment
showed that the raze of defect formation, responsible for absorption at 215 mm, varies with
the radiation dose. The dose dependence of the absorption for KI at A = 215 nm is character-
ized by the proportional growth of J up to D_ = 3 MGy, after which a tendency for the rate of
the process to decrease is observed. ComparIson of the J2.5(D ) curves shows them not to be
identical and to have a kink at a dose of ~3 MGy. Y

~ The corresponding irradiation of KSG specimens in the core of the VVR—SM reactor led to
a substantial decrease in the transparency of the plates at A ® 215 nm. As follows from
Fig. la (curve 2) at comparatively low doses of y rays (1 kGy-0.5 MGy) the change in the
transparency of the S$i0; specimen is scarcely noticeable and when D 2 0.5 MGy a sharp in-
crease is observed in the optical density of the 215 nm absorption Band and this continues up
to the maximum dose without a decrease in the rate of generation and without any appreciable

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 3, pp. 182-183, March, 1984. Original
article submitted July 21, 1983. ,
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Fig. 1. Dose dependence of the relative change in the intensity of the absorption
bands 215 nm (1, 2) and 245 nm (3, 4) under y-ray (1, 3) and y-neutron (2, 4) ir-
radiation of KSG (a) and KI (b) specimens.

Fig. 2, Kinetic curves of thermal decoloring of the 1nduced color of fused Si0.
for A = 215 nm (1), 245 nm (2), and 540 nm (3).

saturation. Comparison of the functions J§15(D ) shows that they are similar and consist
of two almost rectilinear segments of curves, whose point of intersection corresponds to a
value of 0.1-0.5 MGy. This permits the conclusion that the location of the critical point
found does not depend on the presence or absence of a substantial impurity concentration and
is due to the onset of the radiation-stimulated formation of defects in the fused Si0,. At
. the same time, the change in the function J¥YG(D_) can be explained if it is assumed that
.additional traps are formed in KSG in the range of doses higher than 0.1 MGy, which is in
agreement with the opinion of Boganov et al. [2].

Similar dose dependences were obtained for the second ultraviolet absorption band with
A = 245 nm. From Fig. la (curves 3, 4) it follows that the increase in the optical density
of the KSG specimens under the effect of y rays and reactor radiations has the same tendency
as for A = 2.5 nm (see Fig. la, curves 1, 2). On the other hand, the shape of the curves of
the functions ths(D ) and JEE,(Dn ) (see Fig. 1b, ‘curves 3, 4) reproduces the curves ob-
tained earlier for K¥ specimens for A = 215 nm. This correlation of the processes of the ra-
diationkinetics in different forms of Si0, (pure and with impurities) indicates the intrinmsic
nature of the color centers.as well as the possibility of their being related. To make this
hypothesis more exact and to explain the stability of point defects under external actionms,
we examined the thermal decoloring of the irradiated specimens as well as the influence of
different factors on the intensity of the bands of additional absorption.

- The irradiated KI specimens (D, = 10 kGy) were heated in stages at 40 < T < 600°C with
intermediate measurements of the absorption spectra in the ultraviolet and visible regions.
The induced absorption for A = 215 nm (Fig. 2, curve 1) begins to weaken markedly at 200°C.
Two main stages of annealing were established and an antiannealing stage was observed between
them. To ascertain the cause of the kinetics of the 215-nm peak we made a comparison with
the thermal stability of the other absorption bands. It turned out that the shape of J(T,,,)
of the absorption bands is specific. The 245 nm band, for example, is secured in two stages
without evident deviations (Fig. 2, curve 2). It is. of greatest interest to compare Jann/Jir
(Tapn) and J;“;/Jirr(Tann) (Fig. 2, curves 1, 3). It is seen that ‘the segment of the curve
3 in the range 360 < T,,, < 430°C, which is characteristlc of the main stage of intense de~-
coloring of visible color, is a reflection, as it were, of the anomaly of the ultraviolet
band. It must be pointed out that intense decoloring of the 215 nm and 245 nm bands in the

- first stage of the annealing and the 540 nm band in the final stage is observed at 250 and
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TABLE 1. Influence of Experimental Condi—
tions on Stability of Optical Density of KSG
.Specimen from Results of Measutrements of
the Light Intensity J for = 215 nm and
Dose of 1 MGy CT )

p* Jv |Th|{ Jo-lth| Ja Ay | Jda
: ‘ Reactor radiation

) 4,0-1012 0,76 | 360(0,78 | 0,1 10,78 | 1 0,76

8,0-1012 0,80 | 60010,74 1 0,2 0,78 2 0 76

1,2.1013 0,78 11200[0,80 [ 0,3 10,76 | 2 0,19

] 1,6-1013 0,76 |216010,78 | 0,5 () 70 4 10,80
| 4,0.1013 0,74 |432010,74 ] 0,6 () 68 5 0,77
| Average - 10,768 0,768 0,740 (4,776

Error, % 2,3 2,4 3,2 1,6

y rays

5,2.10-3 0,20 1 240,48 10,4 10,21 1 0,2

2,1-10-2 0,19 48 0 18 { 0,2 10,20 { 2 [0,20

2,6-10-1 0.22 | 720f0.21 | 03 joi18 | 3 |0)18

7,7-10"1 0,18 11080 0 19 | 0,5 10,47 4 0,21

1,0-100 0, A6 1440 0,20 0,610,146 5 10 19
| Average 0, 190 0,192 0,184 0, , 200

Error, % 12,4 0,8 1,6 1,5

*The values of P for reactor radiation are
given in neutrons/cm?esec while for y rays
they are in C/kgesec.

370-430°C, respectively, i.e., at a temperature which is close to the known maxima of the
thermoluminescence [2, 3]. This indicates the probable interrelationship of the defects
which are responsible for the given peaks and are determined by the presence, for example,
of oxygen vacancies or impurity ions. Moreover, it is possible for a center, which absorbs
1n the 540 nm band, to be transformed into a center which is responsible for absorption at

= 215 nm. This indicates that they are closely bound and that the center of the 245 nm band
is somewhat independent, and also supports the assumption made in [4] for Si0, irradiated in
a reactor. If we proceed from the well known [5] model of a center for A = 215 nm (an elec-
tron localized on the sp® orbital of silicon) and 540 nm (an electron trapped by a bridge
oxygen vacancy neighboring on an At ion), then conversion 1s possible at a high tempera-
ture, for example, because of electron (impurity) migration, :

'

According to the shape obtained. for the J(T,,,) curves, thermal destruction of the in--
duced color in the ultraviolet region of the spectrum is barely noticeable at a temperature
below 180°C and reaches a maximum at approximately 500°C which demonstrates the possibility
of multiple dosimetric use of an Si0O. specimen. The revealed radiation kinetics of the 215
nm and 245 nm bands indicates that as Si0O, is irradiated the number of oxygen vacancies,
which obviously are responsible for the absorption sought, changes at a rate which is deter-
mined by the efficiency of displacement of oxygen ions from the lattic sites with the forma-
tion of point defects and entrapment of carriers in formed or existing traps. The intensive
growth of displaced oxygen atoms begins at a y-neutron radiation dose of ~0,1-0.5 MGy and can
serve as a measure of the effect of reactor radiation.

The values of reduced optical dens1ty AJ/d for KSG plates under dlfferent 1rradiation
conditions and storage are given in Table 1. The results show that the indications of the
system have a low sensitivity to the dose rate P, the holding time T, and the optical illu-—
mination T, and also shows that A, is fairly well reproducible (error of no more than 5%) .

All of this confirms the practicality of building a solid-state dosimeter based on fused $i0,
for measuring mixed reactor radiation and its separate components. - For selective recording
of neutron radiation it is preferable to use m1crop1ates of KSG which is distinguished by a
high degree of purity, and to employ the wavelengths A = 215 and 245 nm.
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